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The mobility of hexavalent chromium, a commonly found contaminant in
soils and groundwater at hazardous waste sites, is dependent on both, its
solution chemistry and sorption reactions at mineral surfaces.
Hexavalent chromium sorption and desorption studies were performed on
Willamette Valley silty clay loam using a triaxial cell apparatus that allowed the
soil to retain its original structure and integrity as well as manually packed soil
columns.
Low ionic strength solutions (double-distilled water) enhanced Cr(VI)
removal kinetics since pore water of low ionic strength leads to the dispersion
of soil colloids and thus increased surface area which resulted in increased
Cr(VI) desorption rates.
Due to competition for soil sorption sites, phosphate application was found
to double Cr(VI) desorption rates once the Cr(VI) concentration in the soil
dropped below 3 mg/kg.
In packed columns, Cr(VI) desorption was decreased at pore water pH
values below 6.5 and increased at pore water pH values above pH 6.5.The effects of pore water pH values on Cr(VI) desorption rates in the
naturally layered soil columns were masked by differences ininitial Cr(VI)
concentrations and the soil buffering capacity, and therefore were inconclusive.
Different porosities, initial pH values, and heterogeneities in the soil texture
as well as the Cr(VI) distribution within the soil accounted for the observed
variations in Cr(VI) desorption curves and dispersion and retardation factors.
Cr(VI) removal mechanisms were essentially the same under both
experimental conditions (naturally layered and packed soil columns), except that
drying the soil decreased its reduction potential and probably caused formation
of Cr(VI)-salts that temporarily precipitated.
Desorption under both experimental conditions was assumed to be
controlled by the adsorption and reduction capacities of the soil, its porosity,
initial Cr(VI) concentration, pH, ionic strength and, to a lesser extent and limited
by the availability of barium in the soil, the dissolution of a solid Cr(VI) phase
such as BaCrO4 or a Ba(SO4,Cr04) complex.
Naturally layered soil column studies showed that at an average soil pH of
6.0, 28.6 mg Cr(VI)/kg of soil was adsorbed and 35.9 mg Cr(VI)/kg soil was
reduced, which results in about twice as much adsorption and reduction as in
the near-neutral pH soils.Laboratory Study of
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1. INTRODUCTION
1.1 What about Chromium?
Chromium is a heavy metal that occurs naturally in the earth's crust.
Continental dust is the main source of natural chromium present in the
environment; however, chromium is released to the environment due to human
activities in much larger amounts.
Chromium exists in three principal oxidation states: elemental [Cr(0)],
trivalent [ Cr(III)], and hexavalent [Cr(VI)]. Of the total atmospheric chromium
emissions in the United States, approximately 64.1% is due to chromium (III)
from coal and oil combustion and steel production, and 31.6% is due to
chromium (VI) from chemical manufacture, primary metal production, chrome
plating, and cooling towers.
Hexavalent chromium (Cr042") is an antibiofoulant and anticorrosive agent
andtherefore common toindustrialwastewaters,forexample from
electroplating, leather tanning, (United States tanneries generate between
80,000 to 100,000 tons of sludge annually, mostly from chrome tanning
processes (Dreiss, 1986)) and textile industries which release relatively large
amounts of chromium into surface waters (Zachara et al., 1987).
Solid wastes produced during roasting and leaching processes of
chromate manufactures when disposed of improperly in landfill sites can be
sources of chromium emission (Agency for Toxic Substances and Disease
Registry, 1988).
In general, Cr(III) species are cationic and thus readily adsorbed to soils,
precipitate as hydroxide at pH above 5, and are relatively insoluble in water,
thereby exhibiting a low migration potential in soils. Hexavalent chromium2
species are anionic (predominantly Cr042"), very soluble (30 to 3000 times more
soluble than Cr(III) (Dohse, 1989)), and therefore quite mobile in aqueous
environments.
Soluble Cr(VI) species readily pass through biological membranes and
have strong oxidizing potential, both of which makes them more toxic than
Cr(III) species (Sturges et al., 1990). Dissolved Cr04 is toxic to many organisms
at low aqueous concentration (Zachara et al., 1987).
At continuous exposure Cr(VI) will accumulate in body tissue and may
cause genetic disorders, and brain, liver, and kidney damage (Dohse, 1989). In
addition, hexavalent chromium is considered a potential carcinogen via chronic
inhalation exposure. Short-term high-level exposure can result in adverse effects
at the site of contact, such as ulcers of the skin, irritation and perforation of the
nasal mucosa, and irritation of the gastrointestinal tract (Agency for Toxic
Substances and Disease Registry, 1988). The Environmental Protection Agency
(EPA) has established a maximum concentration level of 0.05 mg/I total
chromium as a drinking water standard (Sturges et al., 1990).
1.2 Site History and Hydrogeoloqy
United Chrome Products, Inc., located at the Corvallis Airport Research
Industrial Park, Corvallis, Oregon, was an industrial hard chrome plating facility
which discharged liquid chrome plating wastes into an on-site dry well from
1957 through 1977 (EPA, 1983). UCPI has been identified as one of the nation's
Superfund sites. This site and the property adjoining this siteare owned by the
City of Corvallis.
Geographically, the project site is located on the alluvial plains of the
Willamette River Valley and occupies about 1.5 acres of level ground. Thenear
surface quaternary stratigraphy is characterized by unconsolidated deposits of3
silty clay (Dayton Series), silt, and gravel which can be broken into three distinct
units: an upper aquifer, a lower aquifer and an aquitard separating the two
aquifers. At the drilling locations, the upper soils in the profile consisted of about
2 to 3 ft. of miscellaneous fill or top soil and 15 to 20 ft. of clayey silt to silt,
ranging from mottled grayish brown to bright yellow in color and extending to
depths of 17 to 21 ft. below the ground surface. The aquitard consists of light
blue to dark gray clay to silty/sandy clay ranging in thickness from 2.5 to 12 ft..
The bottom of this layer extends 22 to 29 ft. in depth below the ground surface
over the site. The lower aquifer consists of wet, fine to coarse sands and
gravels and is at least 15 ft. thick over the site. Locally, the groundwater table
fluctuates between 0 to 10 ft. below ground surface and has a slope of
approximately 5 ft. per mile in the north northeast direction (EPA, 1983).
The soilremediation technique currentlyinoperationis based on the
displacement of polluted pore water by clean water and the subsequent
treatment of the contaminated soil water (pump and treat method).
There are some geochemical limitations to the removal of chromium. Once
chromium concentrations in the pore water are reduced to below 20 mg/I, Cr(VI)
effluent concentrations assume a constant value ( "tailing" effects) and these
baseline residual concentrations begin to control the remedialprocess,
decreasing its efficiency.
Contributing physical and chemical factors are:
1)differential flow paths of the chromium from the boundary of the
plume to the extraction wells;
2)diffusive transport within spatially variable sediments;
3)dissolution (mass transfer) from mineral phases (e.g. BaCrO4);
4)sorption and desorption processes between the aquifer matrix and Cr(VI)
anions;
5)large range of pH-values measured at different wells in the aquifer;
6)redox-reactions.4
1.3 Chromium-Chemistry in Soils (I)
The soilis a dynamic system with numerous chemical, physical, and
biological reactions occuring singly or simultaneously. The chemical reactions
insoil, under normal conditions, are able to transform or stabilize some
hazardous constituents (Metry, 1981).
Chromium in soils exists as Cr(III) under reducing and moderately oxidizing
conditions and as Cr(VI) under strongly oxidizing conditions. Because of the
differences in the type and amount of the charge of aqueous chromium species
and the differences in the type of the solid phases of Cr(III) and Cr(VI),
chromium exhibits a complex environmental chemistry in geologic environments.
Oxidation-reduction reactions can convert Cr(VI) to Cr(III) or vice versa.
Precipitation and adsorption reactions can occur that incorporate
chromium species into bulk solids. These reactions are likely to take
place at the solid/liquid interface and so limit the mobility of chromium
species in groundwater.
Complexation reactions between aqueous anionic ligands or cations
may decrease free metal concentrations, reduce adsorption, and
increase total chromium solubility.
Therefore, the mobility of Cr(VI) in the aqueous environment is dependent
on
1)adsorption reactions;
2)possible incorporation into solid solutions such as Ba(S,Cr)04 and
3)the rate at which it is reduced and precipitated as sparingly soluble
Cr(III) solids.
These various reactions must be understood and quantified to predict
chromium attenuation in vadose and saturated zones (EPRI, 1988).5
A schematic diagram of dominant chromium mechanisms and of
chromium behavior in the soil environment is shown in Figure 1.
Kinetics of Redox
Transformations
Figure 1: Diagram of Dominant Chromium Mechanisms in the Subsurface
(after Rai et al., 1986)6
1.4 Objectives
Chromium is a metallic transition element and although it has long been
recognized as a toxicant and carcinogen (Doull et al., 1984), chromium has
been identified as one of the metals for which soil chemical behavior is not well
understood (EPA, 1984). Remediation schemes for chromium contamination
sites give strong consideration to pump-and-treat technology, a soil washing
method which in its effectiveness is highly dependent on chromium sorption
kinetics and on the influence of competing solute anions (Nelson and Istok,
1990).
The goal of this study is to gain an understanding of the chemical behavior
of hexavalent chromium in contaminated, naturally layered soil samples from the
Dayton Clay Series and to evaluate the processes which contribute to the
effectivenessoftheremediationeffortsaimedatdecreasingCr(VI)
concentrations in the groundwater to less than the drinking water standards.
The objective of this research was to investigate Cr(VI) sorption and
desorption kinetics in naturally layered soil samples as controlled by pH and
kinetics. In addition, the degree to which the anions orthophosphate and
chlorideare able toincrease theCr(VI)extraction performance from
contaminated soils was examined. Experimental results from the naturally
layered soil columns were compared to those of the packed soil columns in
order to depict similarities and differences between the two experimental
approaches and to relate results of the highly-controlled experiments to those
of an experimental set-up that resembles natural conditionsmore closely.
Results of this research will enhance understanding of Cr(VI) chemical
behavior in soils, and will be useful for modeling the fate and remediation of
chromium at contaminated soilsites for the prevention of groundwater
contamination.7
2. LITERATURE REVIEW
2.1 Chromium Chemistry in Soils (II)
Adsorption/desorption phenomena, redox reactions, and precipitation/
dissolution reactions control the transformation and mobility of chromiumin
terrestrial geochemical environments (Sturges et al., 1990). Therefore Iwould
like to discuss in more detail some of the geochemicalprocesses taking place
in the soil environment, starting with the basics of ion exchangewhich will lead
to adsorption/desorption phenomena, the difficulty of distinguishingbetween
chromate adsorption and reduction processes, and precipitation/dissolution
reaction, all of which are dependent on pH, anionic cosolutes, theionic strength
and the temperature in the sediment water system.
2.1.1 Ion Exchange
Soil materials typically contain a variety of surfaces withexposed electrical
charges, which can exert a strong influenceon the sorption of ionic and polar
species. The charge on the surface must be counterbalanced inthe aqueous
phase to maintain electroneutrality. As a result,an electrical double layer exists
at interfaces. Ion exchange reactions resulting from the action ofelectrostatic
forces occur at fixed-charge sites on soil surfaces. Fixed-chargesites, those not
subject to change with changes in solution phase concentration,result from
isomorphic substitution of ions in the lattice structure ofphyllosilicate minerals
(Guoy-Chapman model). Another class of electrostatic interactionsinvolves
those which occur on variable charged surfaces, suchas soil organic matter,
mineral oxides and on the edge sites of layered silicate minerals.The charges
on these surfaces arise most commonly through protonation and deprotonation
reactions, and are thus highly pH dependent. Carboxyl andphenolic hydroxyl
groups are the primary surface functional groups involvedinsurface8
complexation reactions on soil organic matter. Ion exchange best describes the
binding of alkali metals, alkaline earths, and some anions to clays and
condensed humic matter (Weber, 1990).
2.1.2 Sorption
Sorption processes involve an array of phenomena whichcan alter the
distribution of contaminants between and among the constituent phases and
interfaces of subsurface systems. The interchanges ofmass associated with
such processes impact the fate and transport of many inorganic and organic
substances. In adsorption, solute accumulation is generally restrictedto a
surface or interface between the solution and adsorbent. Adsorption isa surface
phenomenon and the driving force for a surface reaction isa reduction in
surface energy (Weber, 1990).
Ion exchange reactions are similar in effect to adsorption, but havesome
key distinctions. Adsorption is viewed as the coordination bonding ofmetals (or
anions) to specific surface sites considered to be two-dimensional. Incontrast,
an ion-exchanger is visualized as a three-dimensional, porous matrix containing
fixed charges. Ions are held by electrostatic forces rather than bycoordination
bonding (Sposito, 1984).
Under oxidizing conditions, adsorption of Cr(VI)can be a dominant
mechanism influencingpore-water chromium concentrations and hence
transport in groundwater (EPRI, 1988).
Chromate sorption in soil and subsurface materials is dominated bymineral
surfaces that have exposed inorganic hydroxylgroups that develop a positive
charge at lower pH values. These inorganic hydroxylgroups, symbolized by S-
OH (S = surface), react with the chromate and bichromateions through a
surface complexation reaction (EPRI, 1988).
Two types of soluble complexes are formed between metalsand
complexant ligands. Outer sphere complexes,or ion pairs, are relatively weak9
electrostatic associations formed between a hydrated cation and a complexant
ligand, in which one or both of the charged species retainsa hydration shell.
Inner sphere complexes are strong associations between metal and complexant
ligands in which a covalent bond is formed between a metal ion anda ligand.
Most anions and many metallic cations can form inner sphere complexes with
charged mineral surfaces through a process of ligand exchange, which consists
of two steps.
Two-step ligand exchange reaction:
M-OH(s) + H+ (aq) = M-OH2+(s) (protonation reaction)
M-OH2+(s) + 1:(aq)= ML(s) +H20(1) (ligand exchange reaction)
M = metal cation
M-OH(s) = surface hydroxyl group
L = inorganic oxyanion of valence 1
These types of complexes occur most readily on oxide and hydroxide
surfaces. On variable-charge surfaces, inner-sphere complexes are particularly
important for metals that readily hydrolyze in water and for metals that form
oxyanions. The inner sphere complex is generally formed between the hydroxy-
metal complex and the negatively charged deprotonated surface of oxides,
hydroxides, and oxyhydroxides of aluminum, manganese and iron. The extent
of the reaction, which is dependent on pH, increases toa maximum as the pH
is raised. The maximum amount of adsorption generallyoccurs at a pH
somewhat below the pKa of the hydrolysis reaction of the metal in water (Evans,
1989).
It is not known if a water molecule separates the chromate/bichromate ion
from the surface hydroxyl group. The presence or absence of this intervening
water molecule has implications for the way Cr(VI) reactions are described in
surface complexation models (EPRI, 1988).
Zachara et al. (1987) report that mineral phases with proton-specific surface
sites, particularly those with high zero points of charge (e.g., iron and aluminum10
oxides), effectively adsorb Cr04 from pH 2 to pH 7. Amorphous iron oxide
[Fe203*H20(am)] or ferrihydrite, a common surface coating of subsoil particles,
has a particularly high capacity for Cr(VI), reaching 0.1 mole of Cr/mole of Fe
at a solution pH lower than 5.5. The adsorption capacity is consistent with the
high surface area and site density of Fe203*H20(am).
Evans (1989) explained that in his study the extent of chromate adsorption
by organic matter involved not only the formation of inner sphere complexesbut
also ion exchange and precipitation reactions.It was difficult, therefore, to
evaluate the extent of complexation reactions relative to other mechanismsof
retention in many experiments involving humic substances. Humic substances
contain a highly complex mixture of functionalgroups whose metal-complexing
abilities may be expected to vary considerably. The complexity ofhumic
materials suggested, that many types of sitesmay have been involved in metal
binding and that these sites were best characterized bya continuous
distribution of the conditional formation constant.
Stollenwerk and Grove (1985) distinguished between specific (inner-sphere
complex) and non-specific (outer-sphere complex) adsorption.Nonspecific
adsorption refers to the anions being retainedas counter ions in the diffuse
layer, opposite a net positively charged surface. Specificanion adsorption
occurs when anions coordinate directly with the metal ion of a mineral surface
by ligand exchange. When the general term adsorption is used, they referonly
to the removal of Cr(VI) from solution; they do not distinguish between specific
adsorption, nonspecific adsorption, precipitation, etc..
Another descriptive approach was taken by James and Bartlett(1983).
Since Bartlett and Kimble (1976) found analogous chemical behaviorbetween
chromate and orthophosphate, James and Bartlett (1983) partitionedthe
quantity of Cr(VI) removed into two fractions, basedon the amount of soil-
chromium extracted with a phosphate buffer. The fraction removed by the buffer
was termed"exchangeable".TheCr(VI)notextractedwas termed11
"nonexchangeable" and comprised reduced, precipitated, andtightly bound
Cr(VI). In a soil, which invariably contains organicmatter, it is not possible to
separate precipitated Cr(VI) from Cr(VI) reduced to Cr(III) andfrom tightly
bound Cr(VI); therefore, the three are groupedas nonexchangeable Cr(VI).
The adsorption process itself was found by Schroth(1989) to consist of
two steps, an initial fast uptake followed bya slower, kinetically controlled
uptake. He attributed this behavior toa physical non-equilibrium process.
During an adsorption experiment conducted by Stollenwerkand Grove
(1985) all Cr(VI) in the first sevenpore volumes was removed by the alluvium.
A rapid increase in the effluent concentration of Cr(VI)then occurred until the
capacity of the alluvium for removing Cr(VI)was exhausted. A distribution
coefficient (Kd) of 2.3 I/kg (mole Cr(VI) adsorbedper kg soil/ mole Cr(VI) per
liter solution) was calculated.
After the source of Cr(VI) was removed, concentrationsin the effluent
rapidly decreased as Cr(VI) was removed from the alluvium.This process, too,
showed a diphasic behavior. Approximately 50% ofthe Cr(VI) was removed
from the alluvium by the first 10pore volumes of chromium-free water. This
rapid initial rate of release of Cr(VI) from the alluviumdecreased, and an
additional 50 pore volumes of groundwater only removed43% more Cr(VI) from
the alluvium. Almost 16% of the adsorbed Cr(VI)was still associated with the
alluvium when the experiment was stopped after 82pore volumes (effluent
concentration still 3 p.mole/l). The difficulty in removingsome of the adsorbed
Cr(VI), a phenomenon called "tailing",was interpreted by Stollenwerk and Grove
as sorption to specific adsorption sites, and possibly reductionto Cr(III)
followed by precipitation.
The fact that chromium chemistry varies with the specificexperimental set-
up is indicated by the results of the following studies.
The treatment of chromium contaminated alluvium with Na2S2O4,designed
to reduce crystalline Fe oxides and hydroxides,was able to recover all of the12
remaining chromium in the experiments by Stollenwerk and Grove (1985). They
interpreted these results as an indication that some Cr(V1) initially adsorbed by
the alluvium was incorporated into the structure of Fe oxides, eitheras Cr(VI)
or as Cr(III).
Other data indicated that Cr(VI) eventually undergoes reactions that made
itrelatively insoluble. They found that the organic matterwas not directly
responsible for adsorption of Cr(VI) confirming an Fe oxide and hydroxide
adsorption mechanism. Their explanation for the difficulty in removing chromium
from the alluvium that had aged for 1.5 yr was that Cr(VI) had slowly become
part of the Fe hydroxide structure or that it had slowly reduced to Cr(II1) and
coprecipitated with Fe hydroxide. They found a linear relationship between Cr04
adsorbed and in solution at concentrations < 58 p.mole/1 and attributedthis
behavior to the Cr(VI) that was difficult to remove in the column experiments.
They suggest that although a range of bonding energies between Cr(VI)and
subsoil islikely, bonding forces in their case weremore chemical than
electrostatic (specific anion adsorption) and might have beena result of partial
dehydration of Cr04. The readily desorbed Cr(VI)was represented by the
Langmuir plots at concentrations > 58 ilmole/I, where weakerelectrostatic
forces were thought to dominate (nonspecific anion adsorption).
TheirattemptstodesorbCr(VI)fromthealluviumwithvarious
concentrations of H2PO4 and HPO4 achieved limitedsuccess. The data
indicated that it is possible to remove adsorbed Cr(VI) by leaching withCr-free
groundwater, provided that it is done quickly enough after the adsorptionstep
is completed.
On the contrary, a phosphate solution improved the Cr(V1)removal
effectiveness (faster kinetics) by significantly increasing the Cr(VI) desorption
rate in soil column experiments documented by Schroth (1990). This effectwas
attributed to specific anion competition. The amount of Cr(VI) recovered,13
however, did not increase significantly when phosphate was used compared to
using distilled water for Cr(VI) desorption.
Grove and Ellis (1980) found that oxalate and dithionite extractions removed
large quantities of chromium from all treatments.
Other factors influencing the sorption processare given by EPRI (1988)
and Zachara et al. (1987). EPRI showed that the desorption in their study took
longest when the pH change was greatest (time until completion ranged
between 4 and 48 hours). Zachara et al. showed that adsorbedor co-reacted
silica significantly depressed Cr04 adsorption on amorphous Fe oxides and
thereby favored Cr04 desorption.
2.1.3 Adsorption Models
Many models have been developed to describe and quantify theamount
of compound sorbed to a medium when in equilibrium with itsaqueous phase.
A graph of the amount of a chemical species adsorbedper mass of dry
medium against itsliquid concentration at fixed temperature and applied
pressure is called an adsorption isotherm. Adsorption isotherms are convenient
for representing the affinity of soil particles for the adsorbate, especiallyif other
variables such as pH and ionic strength are controlled.
The most conceptually straightforward non-linear isothermmodel was
developed originally for systems in which sorption leads to the depositionof a
single layer of solute molecules on the surface ofa sorbent. This model, the
Langmuir Model, is based on the assumptions that theenergy of sorption for
each molecule is the same and independent of surfacecoverage, and that
sorption occurs only on localized sites and involvesno interaction between
sorbed molecules (Weber, 1990). Separation of nonlinear Langmuir plotsinto
two straight lines is relatively common and the data sometimesare interpreted
to represent two different adsorption mechanisms.14
However, agreement of the Cr(VI) adsorption data witha particular
adsorption isotherm does not necessarily implyany particular adsorption
mechanism (Stollenwerk and Grove, 1985).
The Freundlich Isotherm is perhaps the most widely usednon-linear
sorption model. Although the model was developed empirically itseems to be
thermodynamically correct for the special case of sorptionon heterogeneous
surfaces in which variations in sorption energyas a function of surface coverage
are due strictly to variations in heat of adsorption.
More accurate characterization of multicomponent adsorptionequilibria is
often provided by the Ideal Adsorbed Solution Theory (IAST)Model. The
PAST model has theoretical roots in the Gibbs equation,and thus provides a
useful thermodynamic approach in describing multisolutesorption behavior.
The Triple Layer Model, in its current version,assumes that three planes
of adsorption exist within the electrical double layer and thatthe charge at each
planeresults from surface complexationofionicsolutes.Equilibrium
relationships comprise a set of limiting conditions for sorptionprocesses.
Whereas the extent of sorption is dependent onlyon the initial and final
equilibrium states, rates of sorption dependon the path leading from the initial
to the final state (Weber, 1990).
Honeyman and Santschi (1988) describe metal ion adsorptionsemi-
empirically. They show that Surface Complexation Models (SCM)as heuristic
devices have succeeded in exploring the details ofsolute-particle surface
interactions. Their theory is that the net change instate for a metal ion, a
consequence of several reactions, can be written in terms of an overall reaction:
>XOHx + Me(aq) = >XOMe + xH
with the corresponding conditional partitioning coefficient
Kp = ( [ >X0Me ] {H}EXP(x) ) / ([ >X0Hx ][ Me(aq) ] )
where:15
>XOHx represents all "free sites", or particle surface sites not associated with
any species of the metal (Me);
>XOMe represents the sum of all Me-containing surface species;
Me(aq) denotes the sum of all solution species of the metal;
x is the overall H/Me exchange coefficient;
and [] and {} indicate concentration and activity, respectively.
The parameters x and Kp are empirical and vary with pH, ionic strength, and
type and concentration of complexing ligands.
Zachara et al. (1987) applied Diffuse Double-Layer Model simulations to
their data using single-solute adsorption constants and found that theyare in
good agreement with the experimental data from the multiple-ion mixture.
The studies done by EPRI in 1988 show that adsorption isotherms implya
high affinity of the solid surface for Cr04 at low concentrations that decreases
with increasing surface saturation. The isotherms displayan adsorption
maximum at high loading. The adsorption isotherms for the investigated soils
conformed to a two-part Langmuir equation, as has been noted for the
adsorption of other anions on soil(Sposito 1984). They suggest that
conformation to this equation reflects electrostatic changes induced by Cr04
adsorption rather than two-site adsorption. The experimentally measured
adsorption maxima were almost identical to those extrapolated from the
Langmuir plots. The adsorption maxima increase with decreasing soil pH and
increasing DCB (dithionite/citrate/bicarbonate)-extractable iron and aluminum
(EPRI, 1988).
Enfield et al. (1976) tested five kinetic models includinga linearized first-
order sorption, a first-order Freundlich sorption,an empirical function, a
diffusion-limited Langmuir sorption, and a diffusion-limited Freundlich sorption.
Experimental sorption data were fitted to kinetic models. The experimental data
best fitted a diffusion limited model which followeda theory for heat flow in16
spheres combined with the theory of adsorption applying either the Langmuir
equation or Freundlich equation.
An important modeling question for Davis et al. (1991) is whether the
transport of redox-sensitive elements such as Cr can be better predicted with
an equilibrium or reaction rate-based modeling approach. One of the important
implications of their research is that Cr(VI) mobility in the aquifer may be more
accurately predicted by a model formulated from semi-empirical observations
of reaction kinetics rather than equilibrium calculations based on redox
potentials.17
2.2 Inorganic Oxyanion Chemistry in Soils
Chromate adsorption in the subsurface environmentmay be significantly
suppressed by the presence of common anionic constituents in groundwater
and thus increase Cr(VI) mobility. Zachara et al. (1987) found that elevated
levels of dissolved CO2(g), H4SiO4, and SO4 dramatically reduced Cr;
adsorption. Cosorption of SO4 on Fe203*H20(am) decreased Cr04 adsorption
by as much as 80 %. In paired-solute systems (e.g. Cr04-H2CO3*) anionic
cosolutes markedly reduced Cr04 adsorption througha combination of
competitive and electrostatic effects, but cations exertedno appreciable
influence. Chromate adsorption is greatly decreased with increasing H4SI04
contact time.In multiple-ion mixtures, each anion added to the mixture
decreases chromate adsorption further.
The presence of CO2(g) moved the Cr04 adsorption edge to lower pH
relative to that obtained under N2 atmosphere. This effect ofCO2(g) was
attributed to adsorption of aqueous carbonate species andsubsequent
depression of Cr04 adsorption via electrostatic interactionsor competitive mass
action for surface sites (Zachara et al., 1987).
EPRI (1988) show that adsorption is depressed by SO4 and dissolved
inorganic carbon, both of which compete for adsorption sites.
Sulfate and phosphate added with Cr(VI) to soils examined by Jamesand
Bartlett (1983) decreased Cr(VI) removal by the soil, with phosphatehaving a
greater effect than sulfate. Although liming decreased Cr(VI) removal bythe
soils, even less Cr(VI) was held in exchangeableor nonexchangeable form in
limed treatments containing the competing anions (James andBartlett, 1983).
Bartlett and Kimble reported in 1976 that thepresence of orthophosphate
prevented the adsorption of Cr(VI) by competition for the adsorptionsites.
Therefore, KH2PO4 was found to be the best extracting agent for Cr(VI).It was
concluded that behavior of Cr(VI) in soils was similar to that oforthophosphate,18
even though Cr(VI), unlike phosphate, was quickly reduced by soil organic
matter. Thus, Cr(VI) added to a soil will remain mobile only if its concentration
exceeds both the adsorbing and the reducing capacities of the soil. Lowering
the pH of the suspension below 3 brought about the reduction by manure of
almost allof the added Cr(VI) within 24 hrs. Nevertheless, KH2PO4 was
adjudged the best extractant for characterizing Cr(VI) in soils by Bartlett and
Kimble (1976) and James and Bartlett (1983) for the followingreasons:
1) orthophosphate has a strong affinity for Cr(VI) adsorption sites and
removes Cr(VI) from exchange sites without extracting reducing organic
compounds;
2) orthophosphate is buffered at pH 7.2, which should minimize reduction
during extraction at a lower pH, and avoid dispersion of organic matter ata
higher pH;
3) KH2PO4 extracted more Cr(VI) than did the other extractants, regardless
of pH.
Bartlett and Kimble (1976) supported the theory that chromate is tightly
bound compared with anions such as chloride, nitrate or sulfate, but that itcan
be released by reaction of the soil with other specifically adsorbed anions such
as phosphate. They concluded that orthophosphate increased reduction of
Cr(VI) because the phosphate prevented all adsorption of the hexavalent form
by the soil, making it a more ready target for reduction to Cr(III).
James and Bartlett (1983) concluded that the lack of effect of the
competing anions phosphate and sulfate on non-exchangeable Cr(VI) removal
indicated that reduction to and precipitation of Cr(III), rather than precipitation
of Cr(VI), were occurring in unlimed soils. In all limed soils, sulfate decreased
Cr(VI) removal. In three of the four soils phosphate increased nonexchangeable
Cr(VI). The difference in the amount of Cr(VI) extracted by hydroxyl ions and
that removed by phosphate probably was thought to be precipitated byor
covalently bonded to the Fe(OH)3.19
The fact that different clay minerals exhibit dissimilar adsorptive behavior
was shown by Edzwald et al. (1976). They found that there was no decrease
in the adsorption capacities of the clays when determined in seawater CI and
SO4 concentrations. The adsorption capacities for Kaolinite is 0.091mg P/g, for
Montmorillonite is 0.746 mg P/g and for Illite 2.51 mg P/g. It appeared that
kaolinite adsorbed significantly more phosphate in thepresence of the salts
than for the case in which no NaCI or Na2SO4 was added. They explained the
increased phosphate adsorption with increasing pH, which issimilar to
chromate adsorption, with the fact that clay minerals like montmorillonite contain
a large amount of exchangeable calcium that can react with phosphorus to form
an insoluble calcium phosphate phase such as apatite. The adsorption of
phosphate on clays can generally be explained in terms ofa basic adsorption
reaction and also in terms of phosphate interactions with the free metalson the
clays (Edzwald et al., 1976).
From their study Stollenwerk and Grove (1985) concluded that specific
adsorption of some Cr(VI) was the most likely cause of the difference in the rate
of adsorption and desorption of Cr(VI) by alluvium. Adsorption of Cr(VI)
generally decreased as the ionic strength of a particular solution increased
(James and Bartlett, 1983). They suggest that part of thereason some anions
are more effective than others in preventing adsorption of Cr(VI) is related to the
charge distribution around the ion, which in turn is related to molecularstructure
of the anion in solution. An increase in solution concentration ofan indifferent
electrolyte, such as NO3 or CI, caused a decrease in electrostatic potentialnear
the surface of a charged particle, which in turn resulted in less adsorptionof
anions adsorbed by nonspecific processes. As the ionic strength ofa solution
increases, the activity of a fixed concentration of Cr(VI) decreases. This could
partly explain the decrease in adsorption of Cr(VI) with increasing anion
concentrations (Stollenwerk and Grove, 1985).20
2.3 Reduction
Cr(III) is thermodynamically stable between pH 2 and 8 and EH -5 to +5
and occurs in both cationic (Cr3+, Cr(OH)2, and less commonly Cr2(OH)2 and
Cr3(OH)4) and anionic [Cr(OH)4] species. Cr(V1) is stable inmore oxidizing
environments (EH > 10, pH > 6) in three principal anionic species (HCrO4,
Cr04, and less importantly Cr207) (see Fig. 2).
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Figure 2: EH-pH Diagram for the Chromium-Water System for Chromium
Concentrations less than 10 mM. No Solid Phases Present.
(from: Palmer and Wittbrodt, 1990)21
Schroeder and Lee (1975) found that:
activity {Cr04} / activity {Cr(OH)2} equals 7*1015.
Both, Cr(III) and Cr(VI) are relatively kinetically inert and exhibitan apparent
stabilitytoredoxreactionsunder conditions when theyshouldbe
thermodynamically unstable. However, in the presence of Fe(II)or organics in
acid solutions Dreiss (1986) found that Cr(VI) is readily reduced to Cr(III). In
addition, the presence of oxidized manganese or some organic compounds,
such as citric acid, appeared to enhance oxidation of Cr(III) to Cr(VI). Both
chromium species can readily complex with inorganic and organic compounds.
Thus it is possible for either form to be transported in soluble complexes under
conditions where they would otherwise be expected to be removed from
solution by precipitation or adsorption.
The results of the study by Schroeder and Lee (1975) supported these
findings and indicated that Cr(VI) was reduced by Fe(II), dissolved sulfides, and
certain organic compounds with sulfhydryl groups, while Cr(III)was oxidized by
a large excess of Mn02 and at a slow rate by 02 under conditions
approximating those in natural waters. The significance of the reduction of
Cr(VI) by sulfides lies in the fact that H2S can be produced by decomposition
of organic matter, by bacterial sulfate reduction, or by the discharge of certain
industrial wastes.
Results of batch reactor experiments described by Schroth (1989) and
Davis et al. (1991) for Cr(VI) indicated that reduction of Cr(VI) to Cr(III) and
subsequent removal, besides Cr(VI) adsorption, was a majorprocess in soil
suspensions. The total Cr(VI) removal increased with decreasing pH and
increasing initial Cr(VI) concentration.
The reduction of Cr(VI) as a function of time and asa function of the
anionic composition of the equilibrating solutions was studied by EPRI (1988)
for two soils. They observed an initial rapid decrease in theaqueous Cr(VI),
followed by a slow decrease with time. After desorption with 0.01 M NaH2PO422
the difference between the initial Cr(VI) added and the Cr(VI) in NaH2PO4was
attributed to the Cr(VI) reduction by the soil. They found that differences in
anionic composition (SO4, CI) mainly affected the adsorptive behavior of Cr(VI)
and not the Cr(VI) reduction capacity of the soil. They report that the increase
in the Cr(VI) reduction rate as a function of anion concentration and type,
disregarding the phosphate, also corresponded to the increase in the affinity of
the experimental solutions to form aqueous Fe(II) complexes.
The experimental results from a study by Eary and Rai in 1991 indicate that
subsoils containing small amounts of Fe(II) and organic mattercan cause Cr(VI)
to be reduced to Cr(III) under acidic conditions. The solution pHwas found to
be a key factor that affects the rate and extent of Cr(VI) reduction, the acidic
soils being more likely to cause reduction than neutralor alkaline soils. They
found that acidic conditions enhance the rate of release of Fe(II) species from
soil minerals for reaction with aqueous Cr(VI) species and also increase the rate
of Cr(VI) reduction by organic matter. Cr(VI) reduction in the acidic subsoils
resulted in the precipitation of (Fe,Cr)0H3(am), dependingon solution pH.
The researchers hint to the importance of various anions that affected the
initial amount of Cr(VI) that adsorbed to the soil, but agreed with EPRI (1988)
in that anion concentration had little effect on the total amount of Cr(VI)
reduced. They attributed the initial rapid loss of Cr(VI) from solution at pH 6.45
to the adsorption of anionic Cr(VI) species to soil minerals (Eary and Rai, 1991).
The release of Fe(II) from silicate minerals in acidic solutionscan be
schematically represented by the reaction:
[FeO]min + 2H+ ----> Fe2+ + H2O.
For acidic solutions (pH 4 to 6):




Stollenwerk and Grove (1985) found that whenan available source of
electrons, such as organic matter is present, Cr(VI) willbe reduced to Cr(III); the
rate of this reduction reaction increased with decreasing pH.These findings are
supported by Bartlett and Kimble (1976) and Grove and Ellis(1980). Presence
of soil organic matter brought about spontaneousreduction of Cr(VI) to Cr(III),
even at pH's above neutrality in studies by Bartlett and Kimble(1976).
Reduction did not occur in soils very low in organicmatter unless an energy
source was added.
A lack of soil organic matter could inhibit Cr(VI) reductionin soils examined
by Grove and Ellis in 1980. Another potentialelectron source from Fe2+ in
magnetite was suggested by Stollenwerk and Grove(1985). The rate of this
reduction reaction increased with decreasingpH. They suggested that
adsorbed Cr(VI) eventually reacted with Fe3+ andformed relatively insoluble
Cr(OH)3. The following reaction mechanismwas adopted:
3 Fe304 + HCrO4 + 14 H2O + H+= 9 Fe(OH)3 + Cr(OH)3.
delta G =3.54 kcal/mole (Stollenwerk and Grove, 1985).
Dreiss (1986) found that chromium coprecipitatedwith iron while soils were
saturated with water and in a reducing chemicalenvironment. They showed that
the total mass of chromium measured in thesoil profile is only 82 % of the total
loading. Similar discrepancieswere observed in other investigations involving
the mass balance of metals in soils and usedto be attributed to soil variability
and inefficient chemical extraction procedures.
EPRI (1988) go as far as to say that the total maximumpossible reduction
capacity of the soils can be equated to the total Fe(II)content of soil. They state
that the percentage of the Fe(II) available forreduction will depend on the pH
and the solid-to-solution ratio and will be kineticallycontrolled. They agreed that24
the resulting aqueous Cr(III) concentrations are controlled by the solubility of
(Fe,Cr)(OH)3. They also showed that chromate is not the only Fe(II) oxidation
agent.
They found that the change in relative rates of aqueous Fe(II) oxidationas
a function of pH is caused by an increase in the reactivity of Fe(II) ions towards
oxidation by dissolved 02. An increases in consumption of dissolved 02
corresponded todecreasesinthe amounts ofCr(VI)reduced, and
consequently, to the conditions of nonstoichiometric Cr(VI) reduction.
Mass-balance calculations performed by EPRI in 1988 show that the
nonstoichiometric reduction of Cr(VI) observed at pH greater than 10.0, and at
lower pH in the presence of phosphate, is caused by the competitive oxidation
of Fe(II) by dissolved 02.
These findings were consistent with results of Tamura et al.(1976).
Concentrations of phosphate exceeding 10-4-molar were required to produce
rates of Fe(II) oxidation by dissolved 02 that were more rapid than those
measured in phosphate-free solutions.
Since Cr(III) is known to be sorbed to a much greater extent by naturally
occurring solids than is Cr(VI) and is also restricted in solubility in the pHrange
of 6.5 to 8.5, Schroeder and Lee (1975) suggested the overall oxidation
reaction:
2 Cr(OH)2+ + 1.5 02 +H20 ----> 2 Cr04-2 + 6H+
delta G = 12.7 kcal/mole at pH 7 and 0.21 atm pressure.
They also found that Fe(II) will reduce Cr(VI) in the pH range between 6.5
and 8.5 but that the extent of this reduction will depend among other factorson
pH and Fe(II) concentration.
At pH 6.5 to 8.5 the suggested reaction mechanism is:
3 Fe2+ + Cr042-+ 7 H2O ----> 3 Fe(OH)3 + Cr(OH)2+ + 3 H+
(also ca. 1/2 of Fe present is oxidized by 02) (Schroeder and Lee, 1975).25
The results of field tracer tests in the sewage-contaminated zone of the
aquifer at the Cape Cod Toxic-Substances Hydrology Research Sites carried
out by Davis et al. (1991) support the theory that all Cr(VI) reduced was sorbed;
no dissolved Cr(III) was detected during the tests despite significant reduction
of Cr(VI). They found that increasing the temperature appeared to have little
effect on the extent of initial reduction, but significantly increased the rate of the
slower removal process which therefore was concluded to be a diffusion limited
process (for example intragranular diffusion) controlling the removal rates.
Decreasing the pH had a dramatic effect on the amount of chromium
reduced initially, but appeared to have little effect on the rate of the slower
process. They observed that the peak in dimensionless chromium concentration
was considerably attenuated relative to the peak of the nonreactive tracer,
bromide, suggesting a loss of chromium mass being transported in the ground
water. This loss of mass was attributed to the reduction of Cr(VI) to Cr(III) and
subsequent rapid and irreversible sorption of inorganic Cr(III) to soil particles.
Retardation of the chromium-peak compared to the bromide tracer was
found to be an indication of Cr(VI) adsorption. The rate of chromium reduction
was highly dependent on pH and the concentration of reductants, and to a
lesser degree dependent on the concentration of Cr(VI) in the ground water.
Their results showed that Cr(VI) is weakly adsorbed by iron oxides and only
under conditions of low pH and low concentrations of competing anions. Batch
experiments with air-dried sand from the aquifer demonstrated that Cr(VI)
adsorption is inhibited by the relatively high concentrations of sulfate present in
ground water in this zone. Thus, the Cr(VI) removal from solution in the batch
experiments were attributed to reduction to Cr(III), which is strongly and
irreversibly sorbed by sediments, as long as it remains uncomplexed with
organic ligands.
Another important factor in the extent of chromate reduction is the age and
pretreatment of the examined soil. Anderson et. al showed in 1991 that in air-26
dried sands the reduction potential from both oxic and suboxic aquiferzones
was substantially reduced, which they attributed to the oxidation of organic
material or the surfaces of ferrous-containing minerals.
Cr(VI) removal by fresh sands from the oxic zone, in thepresence of oxic
water, was dominated by reduction whereas Cr(VI) removal in the presence of
dried sands resulted predominantly from adsorption. Adsorption of Cr(VI) onto
fresh sands was the dominant mode of removal only! in thepresence of
additional fine material and at low pH.
On dried material from the suboxic zone, Cr(VI) reduction equalled Cr(VI)
adsorption, but was much less than reduction of Cr(VI) observed with fresh
material. Less-soluble organic material as a potential reducing agent is oxidized
by the sand drying and storage procedure.
Eary and Rai (1989) found that hematite and biotite maintain their ability to
reduce Cr(VI) over a pH range of 3 to 10 after exposure tooxygen for one
month.
Sands from the oxic site adsorbed up to 45 % of the Cr(VI) from synthetic
and natural recharge water at low pH values, and adsorption decreased to
near-zero by pH 7. Adsorption decreased and reduction increased with fresh
subsurface material. Adsorption on fresh core material for experiments lasting
24 hours was generally less than 20 % except in the experiment with extra fines.
(Anderson et. al, 1991)
Bartlett and James discovered in 1979 that virtually any fresh moist field soil
would oxidize a quantity of chromium huge in comparison with the traceamount
occasionally detected with a dry, stored material. Considerablymore Cr(VI) was
formed in the moist samples than in the dried and rewet samples.
Cr(VI) was assumed to be reduced by the soil ifit was not leached out
within a few weeks after formation. Drying significantly increased the amount of
reduced manganese extracted by CaCl2. Several acid samples that originally27
gave negative tests, became chromium oxidizers after they were limed and then
incubated in the moist state.
The difficulty of distinguishing between sorption and reduction becomes
apparent in the following studies.
Griffin et al. (1977) attributed the decrease in water-soluble Cr(VI) with
decreasing pH of kaolinite and montmorillonite suspensions to HCr04-
adsorption by pH-dependent anion exchange sites on clay colloids. Grove and
Ellis (1980) disagreed with this interpretation and claimed that it was more likely
that the anaerobic system maintained by Griffin et al. favored Cr(VI) reduction
to Cr(III) and that Cr(III) then was adsorbed by clay cation exchange sites.
Subsequent Cr(III)precipitation generated protons but did not meet the
requirements for H+ in the Cr(VI) reduction reaction, causing the soil pH to rise
above control. Grove and Ellis (1980) suggested that reduction alone accounted
for the disappearance of soluble Cr(VI) added to three soils, but James and
Bartlett (1983) comment that they did not measure Cr(VI) in various extracting
solutions used to characterize soil-chromium.
Grove and Ellis (1980) found that hydrogen ion activity is the limiting factor
in the reduction of Cr(VI) added to the soils in their study.
Under anaerobic conditions Bloomfield and Pruden (1980) found that Cr(VI)
was extensively reduced at pH 6.65 in the presence of 0.5% dried plant matter,
but that the soil alone was only slightly more effective than under aerobic
conditions. The extent of sorption increased with decreasing pH,so that
sorption would be more important under conditions that would be expected to
favor reduction.
Desorption at pH 10 and 11 gave quantitative recovery of Cr(VI) sorbed
between pH 6 and 9; small losses of Cr(VI) sorbed at pH <5 probablyarose
from reduction by residual organic matter during sorption under these acid
conditions.Appreciablereductionoccurredonlybelow pH4;within
experimental error there was no reduction between pH 5 and 9 in 40 days. Their28
results provided no evidence for the formation of soluble organic Cr(III)
complexes. The effectiveness of the topsoils in immobilizing Cr increased
directly with increasing acidity. Reduction and sorption of Cr(VI) were jointly
involved in the loss of chromium from the solution under the conditions of this
experiment. When the sorption effects were nullified by extraction with
Tris(hydroxymethyl)methylamine, the effectiveness of the topsoils in reducing
Cr(VI) remained in the order of increasing acidity, probably because of the
considerably smaller organic content of the subsoil compared with the topsoils.
Comparison of aerobic and anaerobic incubation versus chromium lost
from solution suggested that sorption, as opposed to reduction was responsible
for the very rapid initial loss of soluble Cr. Partial anaerobiosis probably
developed during the incubation of the moist soil and this would have
contributed to the greater reduction. Although the reduction of Cr(VI) in soil of
normal pH was not particularly rapid or extensive under aerobic conditions,
under anaerobic conditions the effect was quite large when the soil contained
undecomposed plant material. The capacities of the columns of near-neutral soil
to reduce or sorb Cr(VI) were quite small and after three weeks' contact, most
of the Cr(VI) was removed unchanged by leaching with water (Bloomfield and
Pruden, 1980).
James and Bartlett (1983) attributed the difference between shaking (batch
experiments) and leaching with water (column experiments) and between
phosphate and hydroxide-extractable Cr(VI), encountered in their study to the
fact that Cr(VI) was held by the solid phase with a variety of binding strengths.
They prefer column experiments because slow leaching more closely resembles
field conditions where ground water pollution by mobile Cr(VI) is ofconcern.29
2.4 off
The fact that pH has a major impact on chromium chemistryis
acknowledged by many researchers ((Grove and Ellis, 1980),(EPRI, 1988),
(Stollenwerk and Grove, 1985), (Schroeder and Lee, 1975)).
James and Bartlett (1983) showed that above pH 6.4, HCrO4 dissociated
to Cr04 as the dominant form of Cr(VI) in dilute aqueous systems. Thus, soil pH
affected the form of Cr(VI) reacting with soil colloids. They suggested that
divalent Cr04 was adsorbed in similar fashion to SO4 and HPO4, forming
binuclear, bridged complexes on goethite, or on aluminum oxides and other soil
colloids with positively charged surfaces. Another explanationwas that chromate
was adsorbed by ligand exchange (as MoO4 is on Fe(111)- and Al(lll)- oxides).
Bichromate, HCrO4, was assumed to react similar to H2PO4 and be tightly held
in soils, or it reacted similar to HCO3, CI, and NO3 and remain soluble. Besides
affecting the speciation of Cr(VI), pH affected the rate of reduction of Cr(VI)to
Cr(III). In aerobic soils easily oxidized organic compounds actedas reducing
agents for Cr(VI); while under anaerobic conditions, Fe2+ and S2-were likely
to be important, too. Under both aeration regimes, low soil pH favored rapid
reduction in the experiment by Bartlett and Kimble (1976). Binding of Cr(V1)
species in soils, therefore, was assumed to dependon soil mineralogy and on
the relation of soil pH to the pH of zero-point-of-charge of the colloids involved.
They found that liming the soils decreased both, the fraction of exchangeable
Cr(VI) (by 71 %) and that removed in nonexchangeable form (by 46 %)This
effect was most pronounced insoils having high levels of Fe and Al
sesquioxides and kaolinite, which was probably due toa decrease in positive
charge on soil colloids as pH increased (James and Bartlett, 1983).
EPRI (1988) also found that fractional chromate adsorptionas a function
of pH is similar to that of oxide-containing sorbentson most soils. They
concluded that the increase in adsorption with decreasing pHwas due to30
increasing positive charge on the sorbents and increasing concentration of
bichromate, which was preferably sorbed:
HCr04 = Cr042- + H+; pKa = 6.5
(Davis and Leckie, 1980; Zachara et al., 1987).
Grove and Ellis (1980) found that Cr(VI) treatment initially lowered soil pH
but then raised it above the pH of control soils after a short time period. They
proposed the following mechanism of Cr(VI) reaction in soils:
Cr03 + H2O = H2CrO4 = 2H+ + Cr042- ---6H+, 3e----> Cr3+ + 4 H2O
This initial acid character explains the observed lowering of pH relative to
controls.
2.5 Precipitation
If the content of a soluble metal in solution is high enough, the precipitation
of secondary phases can occur. Of the probable precipitates, the most
important of these phases are hydroxides, carbonates, and sulfides (Evans,
1989).
In the presence of aluminum in solution, Cr(VI) was precipitated as the pH
was increased above 4-5 in experiments by Bartlett and Kimble in 1976. It
became almost completely insoluble near pH 6 and increased in solubility again
above pH 8.
James and Bartlett (1983) reported that in A horizons containing organic
matter, nonexchangeable Cr(VI) removal by soils probably resulted from
reduction to Cr(III) and precipitation as Cr(OH)3, or as a high molecular weight
humic acid complex. Some reduction of Cr(VI) by Fe2+ could have occurred in
B horizons, but precipitation with Al, Cr(III), or Ba was considered more likely.
The solubility product of BaCrO3 (Ks0 = 3*10-10) is low enough so that Ba2+
is likely to control the solubility of Cr(VI) in certain soils. They suggested that31
precipitation with Ba2+ was an important removal mechanism for Cr(VI) in
nonexchangeable form.
Subsequent extractions of Cr(VI) from Cr(OH)3 supported the hypothesis
that precipitation predominated in fresh material and adsorption predominated
in the aged soil samples. They assumed that the Cr(VI) incorporated into fresh
Cr(OH)3 was partof the amorphous orcrystallinestructure,e.g.as
Cr(OH)2HCrO4, and was not easily removed by other anions.
The importance of the BaCrO4 complex was also recognized by EPRI





Figure 3: Solubility of BaCrO4 in 0.01 M NaClO4 Equilibrated at 25°C
(from: EPRI, 1988).
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2.6 Movement of Contaminants in Groundwater
Three processes govern the migration of chemical constituents in ground
water:
(1) advection, movement caused by the flow of ground water;
(2) dispersion, movement caused by the irregular mixing of waters during
advection;
(3) retardation, principally chemical mechanisms which occur during
advection.
Advection:
Darcy's Law states that the flow rate (0) through any porous medium of
cross-section A is proportional to the head loss (h1) and inversely proportional
to the length of the flow path (L):
Q = -K * A * hi/L;
K = hydraulic conductivity
Dispersion:
In natural porous materials, the pores possess different sizes, shapes, and
orientations. Similar to stream flow, a velocity distribution exists within thepore
spaces such that the rate of movement is greater in the center of the pore than
at the edges. Therefore, in saturated flow through these materials, velocities
vary widely across any single pore and between pores. As a result, a miscible
fluid will spread gradually to occupy an ever increasing portion of the flow field
when it is introduced into a flow system. Solution channeling and fracturingare
some macroscopic features which may contribute to contaminant dispersion.33
Retardation:
Four general mechanisms canretardthe movement of chemical
constituentsinground water:dilution,filtration,chemicalreaction, and
transformation.
Ion exchange processes exert an important influence on retarding the
movement of chemical constituents in ground water. The ion exchange capacity
of a soil is defined as the amount of exchangeable ions, in milliequivalents per
100 grams solids at pH 7 (EPA Handbook Ground Water, 1987).
The often used broad term "attenuation" is defined by Metry (1981) as any
physical, chemical, or biological reaction or transformation occurringin
saturated or unsaturated zones that brings about a temporary or permanent
decrease in the maximum concentration or in the total quantity of an applied
chemical or biological constituent in a fixed time or distance traveled. The
attenuation mechanisms can be categorized as physical (molecular diffusion,
hydrodynamic dispersion,dilution),chemical(adsorption-desorption,ion
exchange, redox reactions), or biological (biodegradation).
2.7 Preliminary Studies
Site-specific geochemical studies indicate that there is significant reduction
capacity in site soils to reduce Cr(VI) to Cr(III), but the reaction is rate-limited.
These studies also indicate that the oxidation potential for converting Cr(III) to
Cr(VI) is four times smaller than the reduction capacity of site soils.
Preliminary adsorption/desorption tests have been conducted by adding
hexavalent chromium to uncontaminated site soil samples. The results indicated
that adsorption is relatively rapid and reversible. However, extraction tests run
on contaminated site soil samples indicate that a significant reserve of Cr(VI)
remains in the soil. It has been conjectured that the reserve Cr(VI) may be in the
mineral or amorphous phases (e.g. BaCrO4), within the soil matrix.34
Palmer and Wittbrodt (1990)reported thatat a Cr(VI)adsorption
concentration of 10 mg/I the following percentages were adsorbed to UCP-site
soil:
pH6.0: 20%;after phosphate extraction: 9 %
pH 6.5:12% :8%
pH 7.0: 10% :6%
pH7.5: 5% :4%.
Quartz and labradorite (an intermediate to calcic composition plagioclase),
and the clay minerals smectite, kaolinite and chlorite are the most dominant
constituents composing the soil. The standard values of the exchange capacity
for smectite, a major constituent of bentonite, are70-130mval/100g, for kaolinite
3-15mval/100g, and for chlorite 10-40 mval/100g.
Furthermore, if aluminum is present in the soil, as itis in this case, the
exchange capacity decreases through treatment with NaOH and NaF, since
aluminum-polymers dissolve, thereby reducing the soil's capacity to exchange
ions. Smectite particles disperse as the exchangeable sodium percentage (ESP)
increases above15 %.Subsequently, pore diameters are reduced because of
clogging and swelling phenomena. The dispersive effect of sodium occurs only
if the electrolyte concentration in the soil solution is smaller than 8 mmo1/1 for
smectite, 50 mmo1/1 for aluminum hydrous oxides, and 11 mmo1/1 for iron
hydrous oxides (Sposito, 1989). Unspecific anion adsorption occurs only under
acidic conditions. Under dispersive conditions new adsorption sites are created
(Scheffer and Schachtschabel, 1984).
It was found that the adsorption data did not follow Langmuir isotherms
very well. Previous reports by Palmer and Wittbrodt state that groundwater in
wells with Cr(VI)-concentrations exceeding 2 mg/I are in equilibrium with the
Cr(VI) mineral BaCrO4. More than 94 % of the exchangeable barium had been
removed from the soils contaminated with more than50mg/1 Cr(VI). Their data35
indicate that there is 0.064 mmoles/100g of soil of exchangeable barium and
0.23 mmoles/100g of acid-extractable barium in the upper silts.
Results from sequential Cr(VI) extraction indicate that a Cr(VI) fraction
smaller than 10 % of the Cr(VI) in solution is adsorbed to the soils in the
contaminated areas. A retardation factor (R) was found to be between 1.3 and
2. R represents the number of pore volumes that must pass through the soil to
remove half of the initial Cr(VI) in the absence of dispersion and heterogeneity.
Therefore, adsorption was less limiting to the remediation of the upper silts
than the solid phase barium chromate. For Cr(VI) concentrations between 1 and
10 mg/I adsorption was relevant. Below these concentrations dissolution of
barium chromate dominated. They found that at the pH of interest barium and
Cr(VI) are in equilibrium with barium chromate and a barium chromate-barium
sulfate solid solution (Palmer and Wittbrodt, 1990).
Palmer and Wittbrodt (1990) state that drying the soil before usage
increases the reduction of Cr(VI) to Cr(III). The average reduction capacity of
the upper silts is 8.5 mg Cr(VI)/g of soil.
EH (electrode potential, [volts]) measurements are used to classify soilsas
oxic, suboxic or anoxic; it is a qualitative indication of pE and is definedas EH
= 0.05916 * pE, at 25 °C. Large pE values favor the existence of electron-poor
(i.e. oxidized) species. Suboxic soils are low enough in pE to depleteoxygen,
but not low enough to deplete sulfate ions.
At pH 7, pE measured in volts:
oxic soils: pE > +7;
suboxic soils:+2 < pE < +7;
anoxic soils: pE < +2.
The estimated hydraulic conductivity of the silts ranges from about 0.5 to
2.5 feet per day. Using an average gradient across the site, the average linear
(advective) velocity ranges from 3 to 30 feet per year. In a regional setting, this36
aquifer is described as semiconfined, with recharge supplied from the overlying
sifts. The average linear velocity in the deep aquifer is about 50 feet per year.37
3. MATERIAL AND METHODS
3.1 Experimental Approach
Chromium(VI) desorption studies using varying leaching agents were
performed on packed and naturally layered chromium contaminated soil
columns in order to compare the effects of different chemical extractants and
experimental conditions on the effectiveness of Cr(VI) removal from soils.
Batch extractions were conducted to obtain the initial and final amount of
Cr(VI) in the individual soil samples used in the desorption experiments. Total
chromium content was determined employing acid digestion and analysis by
Atomic Absorption Spectrophotometry (AAS) for all soil samples since they had
been taken from various depths below the surface.
One set of adsorption experiments was conducted on naturally layered soil
columns to provide a better understanding of the chemical processes
influencing chromium chemistry in UCP-site soils.
Experiments were conducted untilit became impossible to continue
pumping which was due to clogging of the influent or effluent port.
For each set of experiments, a breakthrough curve (BTC) for a nonreactive
tracer (bromide, Br-) was obtained to determine the dispersion and retardation
characteristics of the packed as well as the naturally layered columns. The
tracer curves were usually run before the actual extraction (high concentration
columns DDW-5U, CI-4U, PO4-2U) or as a separate column (Br-1D, Br-2D, Br-
3U). In column Br-3U phosphate was used as an extractant later in the
experiment in order to determine how much phosphate increases Cr(VI)
desorption rates.
Retardation factors here represent the number of pore volumes that must
pass through the soil to remove half of the initial Cr(VI) concentration (see
Palmer and Wittbrodt, 1990). Although usually the absence of heterogeneities38
and dispersion is assumed, the experimental set-up used in this study allowed
for heterogeneous and dispersive conditions.
Dispersion occurred whenever "tailing" of effluent concentrationswas
encountered, i.e. instead of an effluent concentration spike that travels with
groundwater velocity,a more rounded and spread out concentration
breakthrough curve was obtained. The deviation from a spike-like breakthrough
curve expressed in pore volumes was described here as a measure for
dispersion. If it took two pore volumes for the effluent concentration to reach the
value of the influent concentration (C/Co = 1), the dispersion parameter was
said to be 2.
In order to calculate desorption values, the effluent concentration was
compared to the original influent concentration.
0.01 M NaCl was used as a background solution since it resembled the
ionic strength found in the groundwater by Palmer and Wittbrodt (1990).
Table 1 provides a summary of the column experiments and Table 2 gives
an overview of the physical characteristics of the various soil columns.39













DDW-1D 79 25.0 109.4 DDW DDW
DDW-2D 7-9 25.0 109.4 DDW DDW
DDW-3U 5 - 7 4.1 127.4 DDW DDW
DDW-4U 19-20 431.4 1413.5 0.01 M DDW
NaCI
DDW-5U 11-13 0 0 0.01 M DDW
NaCI
CI-1D 7 - 9 25.0 109.4 0.01 M 0.01 M
NaCI NaCI
CI-2U 57 4.1 127.4 DDW 0.01 M
NaCI
CI-3U 19-20 225.4 1424.7 0.01 M 0.01 M
NaCI NaCI
CI-4U 13-16 0 0 0.01 M 0.01 M
NaCI NaCI
PO4-1U 20-21 1032.4 1804.1 0.01 M 0.01 M
NaCI NaH2PO4
PO4-2U 7- 9 0 0 0.01 M 0.01 M
NaCI NaH2PO4
Br-1D 79 25.0 109.4 DDW 1.0 mM
KBr
Br-2D 79 25.0 109.4 DDW 1.0 mM
KBr
Br-3U 5 - 7 4.1 127.4 DDW 0.01 M
NaCI
DDW = double distilled water as extracting agent
CI = 0.01 M NaCI as extracting agent
PO4 = 0.01 M NaH
2PO4 as extracting agent
Br = bromide tracer
D = disturbed, packed soil
U = undisturbed, naturally layered soil40



















DDW-1D 79 125.0 25.0 161.7 44.0 1.29 55.1
DDW-2D 79 125.0 25.0 158.0 74.5 1.26 93.1
DDW-3U 57 226.1 5.9 319.2 55.7 1.41 126.0
DDW-4U 19-20 331.4 8.8 491.7 49.6 1.48 164.5
DDW-5U 11-13 497.2 13.2 713.5 52.5 1.44 261.0
CI-1D 7 - 9 125.0 25.0 159.0 37.6 1.27 47.0
CI-2U 57 312.7 8.1 476.0 54.7 1.52 171.5
CI-3U 19-20 449.3 11.7 656.1 53.0 1.46 238.0
CI-4U 13-16 505.3 13.2 722.3 51.6 1.43 260.7
PO4-1U 20-21 236.2 6.7 361.6 62.4 1.53 147.4
PO4-2U 79 458.3 13.0 698.3 56.8 1.52 260.2
Br-1D 7 - 9 125.0 25.0 165.0 47.8 1.32 59.7
Br-2D 79 125.0 25.0 163.4 53.4 1.31 66.8
Br-3U 57 312.7 8.1 476.0 54.7 1.52 171.5
DDW = double distilled water as extracting agent
CI = 0.01 M NaCI as extracting agent
PO4 = 0.01 M NaH
2PO4 as extracting agent
Br = bromide tracer
D = disturbed, packed soil
U = undisturbed, naturally layered soil41
3.2 Experimental Material
Chromium contaminated soil samples that are categorized as Dayton silty
clay loam were collected in shelby tubes during drilling operations of a deep
aquifer monitoring well on January 31, 1990. The samples under investigation
came from a well within the upper zone chromium plume and cover a depth
between 4.5 and 22 ft. below the surface. The shelby tubes were sealed by
closing the gab between the end cap and the tube with hot wax. The tubes
were then stored on site at ambient temperatures for eight months and then
brought to the laboratory where they were kept refrigerated at 4°C.
3.2.1 Grain Size Analysis
Following completion of the naturally layered soil sample experiments the
soil was air dried and, since the clay fraction tended to form aggregates,
ground with mortar and pestle. The pretreated soil then was placed on a stack
of five U.S. Standard Sieves with openings of 600, 425, 300, 150, and < 150
p.m, respectively, which was equipped with bottom pan and lid. The sieves were
mounted on an automatic shaker which was operated for 20 minutes for each
soil sample. The obtained fractions were weighed separately and are listed in
Table 3. Soil grain size analysis showed that the soil composition was such that
it could be classified as mostly sandy silt or silt. The examined soil samples
could be grouped into three different groups according to the depth they were
collected in. Samples from depths 19 to 21 ft. contained less than 20 `)/0 silt and
clay by weight and the median grain size of this soil was 0.6 mm. The median
grain size of soil collected between 5 and 7 ft. and 11 to 16 ft. below the surface
was smaller than 150 pm and it contained more than 60 % silt and clay by
weight. Samples taken from depths between 7 and 9 ft. contained less than 40
% silt and clay by weight and had a median grain size of 150 p.m (see Table 3).42
Since smectite, chlorite, and kaolinite were identified as the major minerals
in UCP-site soil (Palmer and Wittbrodt, 1990), its cation exchange capacity was
estimated to be in the range of 70 to cmol(+)/kg (see Chapter 2.7). Table 3
summarizes the soil properties. The initial moisture content for the packed
columns are listed as zero since the soil was dry at the beginning of the
experiment.













DDW-1D 0 42.053.0 5.0 3.0
DDW-2D 0 42.0 53.0 5.0 3.0
DDW-3U 30.0 62.014.8 19.2 4.0
DDW-4U 9.8 14.3 9.1 69.6 7.0
DDW-5U 31.7 64.9 12.519.6 3.0
CI-1D 0 42.0 53.0 5.0 3.0
CI-2U 30.0 63.9 12.719.4 4.0
CI-3U 23.0 15.0 10.068.0 7.0
CI-4U 8.2 71.9 9.2 15.9 3.0
PO4-1U 30.6 18.3 8.9 65.8 7.0
PO4-2U 33.0 40.2 17.739.1 3.0
Br-1D 0 42.0 53.0 5.0 3.0
Br-2D 0 42.0 53.0 5.0 3.0
Br-3U 30.0 63.9 12.719.4 4.0
* measuredas mass loss from combustion43
3.3 Experimental Procedures
3.3.1 Packed Samples
Soil samples from a depth of 7 to 9 ft. were used for the packed-column
experiments. The soil columns had previously been extruded, trimmed, and
sieved to grain sizes smaller than 2 mm in order to limit heterogeneities. For
trimming the outer 8 mm of the soil, a soil lathe, wire saw and straight edge had
been used. Then the soil had been spread on a flat surface to air dry.
The polyacrylic columns were packed with the dry soil by letting a glass rod
slide down the column like an auger in order to achieve uniform soil
consistency. A fine-mesh screen on both influent and effluent ports held the soil
in place and prevented clogging. The soil columns were saturated from the
bottom, which was submerged in the background solution that had been
sparged of carbon-dioxide with nitrogen gas, to the top by pulling a vacuum on
the top end of the column. After 15 minutes the vacuum was disconnected and
the columns were allowed to become saturated through capillary action for 4
to 5 days in order to equilibrate with the background solution and to develop
interparticle forces.
The columns then were connected to reservoir bottles containing the
leaching solutions. These four-liter supply reservoirs were mounted 136 cm
above the columns to allow for gravitational flow conditions. The influent flow
rates were regulated with individual metering valves and a column shut-off valve.
In both packed and naturally layered columns, the effluent was collected
in graduated cylinders which were sealed with parafilm to prevent evaporation.
The supply reservoirs in both experimental setups were opened to the
atmosphere through a CO2 trap containing 0.01 M Ba(OH)2.
Bacterial growth from light penetration was retarded in both types of
columns and supply reservoirs by wrapping these containers in aluminum foil
or brown plastic bags.44
All tubing used was 1/8 in. I.D. polyethylene plastic. The soil columnswere
operated at ambient temperatures of 24°C ± 4°C.
Effluent was collected approximately every 1/4 pore volume for the first four
pore volumes and less frequently thereafter. At the time of collection ambient
temperature, effluent volume, pH, and conductivity were recorded. Samples
were stored in 30 ml polyethylene bottles at 4°C and analyzed for Cr(VI) and
major anion concentrations within a week of collection.
To simulate field groundwater ionic strength (Palmer and Wittbrodt, 1990),
0.01 M NaCI was selected as background solution.
DDW, 0.01 M NaCI and 0.01 M NaH2PO4 were chosenas leaching agents
in order to determine the effect of a competing anion,a non-competing anion
and a low ionic strength solution on Cr(VI) removal from UCP-sitesoil. All
leaching solutions were sparged with nitrogengas to remove carbon dioxide
prior to usage.
The chemicals used were ACS reagent grade. Glass and plasticware were
soaked in 10% nitric acid for 12 hours and rinsed well with double distilledwater
before usage.
The experimental conditions are summarized in Table 4. Table5 lists the
chemical soil characteristics which were obtained by analyzinga 4-6 g soil
sample from the top of each Shelby tube. Chromium concentrations givenrefer
to the amount extracted in batch experiments.The last three column titles give
the extracting solution used in parenthesis.45



















DDW-1D DDW DDW 6.0 5.97 7.16 23.5
DDW-2D DDW DDW 6.0 7.22 7.06 8.6
DDW-3U DDW DDW 6.0 6.50 5.90 11.4
DDW-4U0.01 M DDW 6.7 6.98 7.46 17.9
NaCI
DDW-5U0.01 M DDW 6.7 7.20 7.30 9.3
NaCI
CI-1D 0.01 M 0.01 M 6.7 7.04 6.45 26.0
NaCI NaCI
CI-2U DDW 0.01 M 6.7 4.98 6.85 5.6
NaCI
CI-3U 0.01 M 0.01 M 6.7 7.23 7.48 14.0
NaCI NaCI
CI-4U 0.01 M 0.01 M 6.7 6.40 6.90 8.7
NaCI NaCI
PO4-1U 0.01 M 0.01 M 4.7 7.40 6.14 17.0
NaCI NaH
2PO4
PO4 -2U 0.01 M 0.01 M 4.7 4.50 6.40 9.2
NaCI NaH
2PO4
Br-1D DDW 0.01 mM 6.0 6.91 6.70 19.7
KBr
Br-2D DDW 0.01 mM 6.0 7.10 7.44 17.4
KBr
Br-3U DDW 0.01 M 6.4 5.60 6.85 5.6
NaCI46
Table 5: Chemical Soil Characteristics
Col. P042 S042- NO3 Tot. Cr Cr(VI) Cr(VI) Cr(VI)
No. [mg/I] [mg/I] [mg/I][mg/kg] [mg/kg] [mg/kg] [mg/kg]
(PO4) (Cr) (DDW)
DDW- 7.0 14.2 16.8 109.4 25.0 37.0
1D
DDW- 7.0 14.2 16.8 109.4 25.0 37.0
2D
DDW- 0 5.0 21.0 127.4 4.1 13.5 1.7
3U
DDW- 18.0 104.0 35.0 1413.5 431.4 646.6 451.8
4U
DDW- 0 0 0 0 0 0 0
5U
CI-1D 7.0 14.2 16.8 109.4 25.0 37.0
CI-2U 0.5 10.0 19.0 127.4 4.1 13.5 1.7
CI-3U 0 76.0 20.0 1424.7 225.4 356.8 236.3
CI-4U 0 0 0 0 0 0 0
PO4- 175000 14000 45000 1804.1 1032.4 1033.0 851.5
1U
PO4- 0 0 0 0 0 0 0
2U
Br-1D 7.0 14.2 16.8 109.4 25.0 37.0
Br-2D 7.0 14.2 16.8 109.4 25.0 37.0
Br-3U 0.5 10.0 19.0 127.4 4.1 13.5 1.747
Plate 1: Experimental Set-Up for Packed Soil Samples
(Photo taken by H. Muller)48
3.3.2 Naturally Layered Samples
For the experiments with naturally layered samplesa column similar to a
triaxial cell apparatus was employed. A drawing ofa triaxial cell is shown in
Figure 4.
Stainless steel ram 3/4"dia


























base for tie bars
Figure 4: Triaxial Cell (after Bishop and Henkel, 1962)49
A triaxialcell can be designed to approximate many fieldloading
conditions. The cell pressure corresponds to the lateral pressureon the element
and serves to saturate the specimen and maintain saturation throughout the
test. A photo of the actual column type used is shown in Plate 2.
Plate 2: Triaxial Cell Used in this Study
(Photo taken by H. Muller)50
For the experiment a 6 to 13 cm length of naturally layered soilwas
extruded from the sample tube in a moisture-controlledroom just prior to
usage. It was then cut off from the remaining soil in the tube using a wire saw
and slid onto a glass plate. A soil lathe, wire saw and straight edgewere used
for trimming the outer 8 mm of the soil. The samplewas then accurately
weighed and measured. The sample length was measured at four locations
equally spaced around the sample, and the averagewas calculated. The
sample diameter was measured at three locations and the weightedaverage
was taken using the following formula:
d=
d(top) + 2*d(middle) + d(base)
4
Double distilled (from a Barnstead Nanopure system), de-aired waterwas
used in all phases of preparing the column. As a first step, theporous stone
(1/16n-thick, 35 µm high density porous polyethylene filter) and two 1.6
Whatman Glass Microfibre Filters were boiled for about 10 minutes to insure
complete saturation and then cooled by flushing with de-aired water. Duringthis
operation, the drainage lines were filled with de-aired water. Sufficientwater was
then allowed to drain from the line to cover the base, and theporous stone and
the microfilters were put in place. The excess waterwas then removed, and the
specimen put in position on the porous stone. The top platenwas then placed
on the specimen.
To prevent damage to the specimen while positioningitin a rubber
membrane (to hold the soil in place), the membranewas placed inside a plastic51
cylinder with a diameter one inch greater than that of the specimen.The ends
of the membrane were temporarily sealed to the plastic cylinderand the space
between cylinder and membrane evacuated, causing the membraneto adhere
closely to the inside of the cylinder, thus increasing its diametersufficiently to
allow it to be slipped easily over the specimen. When thevacuum was released
the membrane snapped into place and tightly surrounded the specimen(Ring,
1956). The membrane was then sealed to the top and bottom pedestalswith
two 0-rings at each end. The membrane stretcher is shown in Plate 3on the
left, next to the effluent- collecting graduated cylinders.
The triaxial cell was assembled around the specimen and de-airedwater
was used in the pressure chamber as the fluid medium. The reservoir used to
fill the chamber with de-aired water is shown in the toppart of Plate 3. The
chamber pressure was controlled by a Norgren 0-30 psi single-stageneoprene
pressure regulator placed in line with a 0-4000 psi single stage regulator
attached to a nitrogen tank. The pressurewas measured by means of a
calibrated gage mounted on the top plate and varied between5 and 8 psi
according to the experimental setup. Since the samples showeda low degree
of saturation, the back pressure was builtup in small increments over a period
of time. A back pressure (pore pressure greater than atmospheric)is commonly
used to dissolve air bubbles in and around the sample.52
Plate 3: Experimental Set-Up for Naturally Layered Soil Samples
(Photo taken by H. Muller)53
In the triaxial cell, the specimen is saturated with the background solution
by connecting the drainage line leading to the bottom of the specimento a
saturation reservoir. During this process, the drainage line leading out of thetop
of the specimen is kept open to the atmosphere. Saturationoccurs by capillary
forces.
A low-flow peristaltic pump (Cole-Palmer Instrument Co. Masterflex, Solid
State Speed Control with 1.85 mm I.D. Tygon) with individual flow regulatorwas
used to assure constant flow rates. The pump, flow regulator, solution reservoir
bottles, and carbon dioxide trap (background) are shown in Plate 4.
For the desorption experiments, the extracting agentwas pumped through
the specimen and the effluent was collected and analyzed until only slight
changes in the effluent concentration could be detected ("tailing" phase).
For the adsorption experiments the soil samples in the confining cellswere
leached with background solution for about 6pore volumes and then
background solution spiked with Cr(VI) as Cr04was passed through the
samples, until effluent from the column was equal in concentrationto the
influent. At this time, the influent solutionwas switched to chromium-free
extracting agent and desorption was initiated.
When the experiment was completed, the apparatuswas disassembled and
the soil was dried to constant weight at room temperature.
Organic matter was determined by weight loss after ashing at 505°C.54
Plate 4: Peristaltic Pump, Flow Regulator, Solution Reservoir Bottles and
Carbon Dioxide Trap for the Naturally Layered Soil Samples
(Photo taken by H. Muller)55
3.3.3 Batch Experiments
This procedure was used to determine the initial and final amount of
adsorbed Cr(VI) in the soil samples since it is assumed here that the amount
of adsorbed Cr(VI) is the amount of phosphate-extractable Cr(VI).
A quantity (30 ml) of a solution containing 0.10 M NaH2PO4 solution was
added to a centrifuge tube containing about 5 grams of soil. Although influent
pH was 4.5, at the end of the batch experiments a pH of 6.7 was measured
indicating that the soil was well-buffered. Then the phosphate suspensions were
equilibrated for 24 to 36 hours in a rotating shaker. The samples were then
centrifuged and the supernatant was decanted and filtered. Subsequently,
Cr(VI) in the supernatant was measured. Cr(VI) exchangeable mass balance
was calculated by adding total Cr(VI) removed during the leaching experiment
to the total Cr(VI) by phosphate extraction.
3.3.4 Analytical Methods
In general, concentrations of chemical species were determined by
comparing the unknown samples to a standard curve generated by linear
regression of known concentrations.
A Dionex Series 2000i Ion Chromatograph (IC) equipped with a visible light
absorbance detector was used to determine Cr(VI) concentrations. The IC
utilizes a post column reaction with a color reagent and is designed witha
HPIC-CG5 guard column in series with a HPIC-CS5 separator column. The
operational flow rate was 1.5 ml/min. The detection limit for Cr(VI) is givenas 1
ppb. For more detailed information see Appendix 3.
Anion concentrations (NO3-, S042-, P043", Br-) were determined witha
Dionex Series 4000i Ion Chromatograph equipped with a conductivity detector
utilizing a carbonate/bicarbonate buffer eluent and automatic sampler. The
columns used in the IC were a HPIC-AG4A guard column in series witha HPIC-56
AS4A anion separator column. The operational flow rate was 2 ml/min. More
details are given in Appendix 2.
pH measurements were taken with an Orion model 601 A combination pH
electrode equipped with a digital ionalyzer and calibrated with appropriate pH
buffer solutions before each measurement. Accuracy in the pH range between
0 and 14 was within ± 0.02 pH units, repeatability amounted to ± 0.015 pH
units.
The work spreadsheets can be found in Appendix 2. They list the date of
the experiments, cumulative time, temperature, pH, sample volumes, pore
volumes, flowrate,Cr(VI)[ppm, mg/kg] removed, and anioneffluent
concentrations for every column.4. LABORATORY TESTING ERRORS
4.1 Soil Storage
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The investigated soil had been stored in Shelby tubes at 4 °C for 2.5years
prior to usage. Chemical interactions with the iron casing cannot be excluded.
Extensive chromium reduction has probably occurred during this period and
thus the extruded soil does not directly reflect the ambient soil conditions in the
field.
4.2 Packed Soil Columns
The manual packing of the soil into plexiglas columnswas aimed at
reducing heterogeneities, but whether a uniform porositywas achieved is
questionable. Layers might have formed during the soil packingso that water
movement during the experiments was retarded.
In addition, flow rates could not be controlled very well towards the end of
each experiment since the columns were operated under gravitational flow
conditions and once clogging of the effluent ports had occurred flowrates
rapidly decreased.
4.3 The Triaxial Cell
The triaxial cell does not allow a perfect duplication of field conditions. No
sample, either hand-cut in a shaft or taken from a boring witha coring tool, is
completely free from disturbance. The operation is accompanied bya release
of stress and also by shear strain, since the vertical and horizontalstresses in-
situ are generally not equal (Bishop and Henkel, 1962).58
A specimen diameter of five times the largest particle size is technically
desirable. A height-diameter ratio greater than 1.5 was desired (Hall, 1950) and
was observed whenever possible.
The column test ignores effects such as aquifer heterogeneity and the
differential times it takes chromium to migrate along different flow pathsto an
extraction well (Sturges et al., 1990).
Voids Formed During Sample PreparationFor naturally layered
samples, voids may be formed around the edges due to inadequate control of
trimming, and fissures may open as a result of stress relief, thus leadingto
unrealistically high measured hydraulic conductivities. The first problemcan be
minimized by proper technique during trimming and the second by subjecting
the samples to stresses approximating those in the field.
Smear Zones- If the sample contains such features as thin sand parting
or root holes, the trimming operation may smear clay across the surface and
tend to block entrance to these zones.
Alterations in Clay Chemistry- Leaching a sample with distilled water may
cause expansion of the diffuse cloud of adsorbed cations around clay particles
and reduce hydraulic conductivity. Further, in some soils leachingmay increase
particle mobility, either because of the expansion of diffused double layersor
because of removal of cements, and lead to particle migration. Largechanges
in conductivity are likely to occur if a permeant is used witha chemistry that is
widely different from that of the pore fluid. Olson and Daniel (1979) foundthat
in a Hesperia sandy loam with an original conductivity of0.004 cm/s,
conductivity values ranged between 0.006 cm/s whenan 800 ppm CaCl2 was
used as the extracting solution and 0.00002 cm/s when distilledwater was
applied.
Numerous studies have shown changes in conductivity for samples
originally prepared with different chemistries. Often used is 0.01 N CaSO4as the59
permeant. Some prefer to use tap water, which, though not ideal, generally
seems a much better choice than distilled water.
Air in the SampleIt is often assumed that soaking from the bottom, with
the top open to the atmosphere, will lead to saturated samples. In reality the
average degree of saturation is 91 % with the lowest value 78 %. Because water
cannot flow through an air bubble, the bubbles effectively reduce the void
space that can be occupied by water and thus reduce hydraulic conductivity.
Air bubbles may tend to accumulate near the end of the sample where the
water emerges, causing a clogging and erroneous measurements. As flow
continues the entrapped gas bubbles are slowly removed, and the measured
hydraulic conductivities go up by a factor ranging from 2 to 5 times. Samples
soaked under vacuum show no time-dependent increase in conductivity.
Temperature - The viscosity of water decreases approximately 3 % per
degree Celsius rise in temperature from 21°C. Consequently, it is recommended
to perform tests at approximately the relevant temperature when the results are
to be applied to the solution of a problem in the field (Olson and Daniel, 1979).
4.4 The Experimental Set-Up
Pore volumes were determined by subtracting the soil's dry weight from
its wet weight. This assumes that all water-filled pores contribute to the flow and
make up one pore volume. This might not be necessarily true, for smallpores
might not contribute to the flow in the beginning, but may become sufficiently
wetted during the pumping process, thereby increasing the pore volume ata
later time. The volume of one pore volume might change throughout the
experiment, since in a heterogeneous material flow might preferably occur
through large pores, flow paths might become blocked and new paths open up.
In addition, bulk flow might follow just one route depleting the chromium60
reservoir in the process until another path is taken and the chromium
concentrations there, initially higher, increases effluent chromium concentrations
thereby giving the Cr(VI) effluent curve an erratic look.
4.5 Sample Analysis
The ion chromatographs operated within anerror interval of 5% for each
sample analysis. 98% repeatability of resultswas determined.
Extensive dilution introduced an estimated error of 5 % in the determination
of sulfate and phosphate since the double distilled water usedto dilute the
Cr(VI) concentrated samples itself contained smallamounts of these anions.61
5. RESULTS AND DISCUSSION
5.1 pH and Ionic Strength Effects
In general changes in pH were difficult to interpret since the soilwas well-
buffered. Only in the packed columns could a pronounced decrease in pH to
6.0-6.5 be measured when Cr(VI) effluent concentrations peaked (except for
column Br-2D). In columns DDW-2D and Br-1D the pH decreased 1unit, in
columns Br-1D and CI-1D the decline was 0.5 pH units. The release of H+ into
solution observed in experiments by Bean (1989) and Ball (1991)were thought
to be directly attributed to the competitive effect of cations in the extracting
solution (sodium) for hydrogen adsorption sites. The ion exchange took place
on soil surface hydroxyl groups and cations were exchanged for hydrogen ions,
thereby displacing H+ ions into solution. This ion exchange is likely to have
occurred in the packed columns with sodium and to a lesser degree potassium
as the displacing cations. In the naturally layered columns no consistent pH
response could be found.
At the end of the experiments the pH of the pore water solution in most of
the investigated soil columns ranged between 6-7 and overall pH changes did
not exceed more than 2 pH units.
Above pH 6.5 HCr04 dissociates to Cr042- as the dominant chromium
species, which according to EPRI (1988) is not as readily sorbedas HCr04.
Furthermore, Palmer and Wittbrodt (1990) found that above pH 6.5 the amount
of Cr(VI) adsorbed on UCP-site soil was negligible. At pH 7.0 theywere unable
to detect any adsorbed Cr(VI).
In the range of pore water pH values encountered (pH 5-7) and under
oxidizing conditions adsorption of chromate on iron and aluminum oxides is
likely to occur according to Zachara et al. (1987). On the other hand Cr(VI)62
adsorption could have been partially suppressed by thepresence of the
competing anion sulfate which averaged 0.1 mM (except for columns DDW-4U
and CI-3U where sulfate averaged 1.0 mM) in thepore water.
At pore water pH values above pH 6.5, for which the Cr(VI) adsorption
capacity was found to be low (Bean, 1989;Ball,1991), desorption of
exchangeable Cr(VI) was found to occur immediately in all packed columns
except CI-1D (Fig. 17). Only in column CI-1D with an average pH of 6.31 Cr(VI)
desorption rates were retarded since Cr(VI) has a higher affinity to soil sorption
sites at lower pH.
By using a 0.01 M NaCI or KBr extracting solution the ionic strength of the
pore water increased and thus provided more favorable conditions for Cr(VI)
adsorption, which subsequently retarded Cr(VI) desorption rates (Griffinet al.,
1977; Bean, 1989; Ball, 1991). A higher Cr(VI) adsorption capacity translatesto
increased adsorption rates and decreased desorption rates.
Bean (1989) and Ball (1991) observed that above pH 6 the adsorption
capacity was greater and therefore desorption rateswere slower in higher ionic
strength solutions (like NaCI and KBr) than in the lower ionic strength solution
(DDW). Higher ionic strength solutions in their studies (see also Griffinet al.,
1977) contributed to increased adsorption capacities caused bycompression
of the diffused electric double layer by ionic speciesor by primary charge
reduction of the soil by adsorbed cations.
Likewise, in the packed column experiments, Cr(VI) desorptionrates were
enhanced in distilled water as compared to the higher ionic strength solutions
where Cr(VI) seemed to have been more tightly adsorbed. Compressionof the
diffused double layer retarded the desorption rates of Cr(VI) in the absenceof
a more competitive anion such as phosphate. Despite differences in ionic
strength and desorptionrates between columns, the total amount of
exchangeable Cr(VI) removed was similar in all of the packed columns.This
result was also observed by Bean (1989) and Ball (1991).63
5.2 Soil Redox Condition
It was assumed that the soil was under oxidizing conditions since itwas
either dried before usage (packed columns) or the initial moisture contentwas
low (naturally layered columns) (Table 3).
As the packed columns were prepared oxygen came into contact with the
soil and may have altered the redox conditions. Anderson et al. (1991) found
that the reduction potential of air-dried and re-wet sands from oxic aquiferzones
was substantially decreased due to oxidation of the organic matter and ferrous-
containing minerals. Therefore, less Cr(VI) should be found in moist naturally
layered samples (since Cr(VI) gets more readily reduced to Cr(III)) than in dried
and re-wet samples (since the reduction potential of the soil is decreased).
In spite of the generally oxidizing environment in the naturallylayered
columns, reduction of Cr(VI) to Cr(III) is believed to have taken place,since 1.
the reduction capacity of the soil was high (10.0mg Cr(VI)/g soil according to
Azizian and Nelson (1992); 8.5 mg Cr(VI)/g soil accordingto Palmer and
Wittbrodt (1990)); 2. Cr(III) is stable in slightly oxidizing conditions;and 3.
because results from the adsorption experiment indicate that reduction of Cr(VI)
to Cr(III) could have been an important Cr(VI) removal mechanism for Cr(VI) in
the adsorption experiments. Bartlett and James (1979) state that in theirstudy
Cr(VI) was assumed to be reduced by the soil if itwas not leached out within
a few weeks.
In addition, as shown in the pH-EH diagram (Fig. 2) under oxicconditions
and at the pH measured Cr042-, HCr04-, Cr(OH)2+, CrOH2*, and Cr(OH)3are
stable chromium species and could be present in this region.64
5.3 Effect of Soil Chemical Conditions
The data (Table 5) shows that there was a large difference between the
amount of phosphate-extractable Cr(VI) as well as the Cr(VI) eluted with double-
distilled water and the total chromium content of the soil sample. Theprocesses
most likely to account for this mass deficit are reduction of Cr(VI) to Cr(III) by
reducing agents such as Fe(II) even in an aerobic environment (see also Azizian
and Nelson, 1992; Palmer and Wittbrodt, 1990; Dreiss, 1986; James and
Bartlett, 1983; Bloomfield and Pruden, 1980) and/or to a lesser extent the
precipitation of a solid Cr(VI) phase since this process is limited by the amount
of barium present.
Palmer and Wittbrodt (1990) state that a barium chromate solid phase
might have been important in most of the contaminated UCPzone for which
Cr(VI) concentrations were greater than 1.5 mg/I (0.03 mmolar) if the soilwas
not too acidic. In experiments by EPRI (1988) and James and Bartlett (1983)
precipitation with Ba2+ was considered to be an important Cr(VI) removal
mechanism.
The observed "tailing" of the Cr(VI) effluent concentrationswas interpreted
as being caused by the transport-limited intergranular diffusion of Cr(VI) from
the immobile water phase to the mobile water phase (see Schroth, 1989). The
"tailing" is shown, for example, in Figure 15.65
5.4 Dispersion and Retardation
Tracer breakthrough curves were obtained to determine dispersive effects
in the columns as well as the extent of retardation encountered with the
nonreactive tracer as opposed to retardation due to adsorption encountered in
the delay of the Cr(VI) effluent peak (Davis et al., 1991).
More dispersion and more retardation occurred in the naturally layered soil
due to heterogeneities in the soil structure. Bromide arrived in the effluent much
sooner in the naturally layered soil than in the packed columns. It was also still
in the effluent after the bromide pulse had completely passed through the
packed columns. Both phenomena suggest that dispersion hada greater effect
in the naturally layered soil than in the packed columns. The early arrival of
bromide in the effluent of the naturally layered columnswas due to preferential
flow paths through larger channels. The later arrival of bromide in the effluent
was attributed to the removal of the solute from the flow channel by transverse
diffusion into stagnant regions while the pulse was passing through the soil, and
a subsequent slow release of the solute by diffusion.
The principal shapes, the rising and falling limbs, of the tracer breakthrough
curves in the packed columns (Br-1D, Fig. 5 and Br-2D, Fig. 6) are the same,
even though flow conditions in column Br-1D were alternated between 16 hrs
of flow and 8 hrs of non-flow, thereby increasing dispersive effects in the
column. Dispersion parameters of 1.0 and 0.75 were determined for columns
Br-1D and Br-2D, respectively. Retardation factors between 0.3 and 0.5were
obtained (for methods see Chapter 3).
For the naturally layered columns dispersion parameters ranged from0.8
to 2.0 and retardation factors ranged from 0.8 to 1.2. Detailed resultswere as
follows:
From the bromide tracer curve of column Br-3U, a dispersion parameter of
2.0 and a retardation factor of 1.0 were determined (Fig. 7).66
The bromide tracer curves for DDW-4U and CI-3U showed a dispersion
parameter of 1.0 and a retardation factor of 1.0 (see Figures 8 and 9).
In column DDW-5U, the dispersion parameter was found to be 1.9 and the
retardation factor was determined as 0.8 (Fig. 10).
For bromide in column CI-4U, a dispersion parameter of 0.8was obtained.
A retardation factor of 1.2 was determined (Fig. 11).
The deviation from an ideal BTC in a homogeneous medium is due to
fluctuations in flow rate (short circuiting), dispersion, and differential flow paths
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Figure 7: Bromide Tracer Breakthrough Curve for Column Br-3U68
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Figure 11: Bromide Tracer Breakthrough Curve for Column CI-4U70
5.5 Packed Columns
The amount of phosphate-extractable Cr(VI) present in the previously dried
and manually packed soil columns averaged 26.6 mg/kg ± 2.00 mg/kg.
Since the soil had been dried prior to usage and was under oxidizing
conditions, reduction of Cr(VI) to Cr(III) was not believed to have occurred to
any large extent during soil storage. The soil drying resulted in the precipitation
of Cr(VI) as calcium or sodium salts. When the extraction was started
crystallized Cr(VI) immediately dissolved and was eluted from the column within
the first pore volume (Appendix 1: Figures 20-24). Following the displacement
of Cr(VI) in the pore water, typical desorption curves were observed withan
initially fast removal process followed by a slower "tailing"process. The "tailing"
was due to intergranular diffusion and was the limiting process for Cr(VI)
removal kinetics (Schroth, 1989).
The spread of cumulative desorption curves in Figure 12 not only reflects
differences in ionic strengths and pH of the extractants, but could also be
caused by differences in soil porosity. Higher porosity indicates larger water-
filled pore volume and soil surface area and therefore the potential for Cr(VI)to
desorb from exposed surface sites is increased. Co here represents the total
phosphate-extractable Cr(VI) content of each soil column in [mg Cr(VI)/kg soil]
and was calculated as the amount of Cr(VI) remaining in the soil after the
experiment had been discontinued plus the fraction of Cr(VI) removed during
the experiment.
After an initial Cr(VI) desorption peak of 55.4 mg/I for column DDW-2D, of
99.4 mg/I for column DDW-2D, of 83.0 mg/I for column Br-1D, of 55.5 mg/I for
column Br-2D, and of 21.8 mg/I for column CI-1D, chromium effluent
concentrations remained within a relatively small range between 0.5 and 6.0
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The spread in time to the arrival of the Cr(VI) effluent peak probably
reflected differences in porosity as well as the heterogeneous distribution of the
Cr(VI) in the columns. Even though the soil had been thoroughly mixed before
packing a completely homogeneous Cr(VI) distribution within the column and
therefore simultaneous arrival of Cr(VI) in the effluent cannot be expected.
The delay in the Cr(VI) effluent peak for column DDW-1D could have been
caused by incomplete wetting before the experiment started. Therefore, 2-3
pore volumes were required to saturate the soil, thereby increasing the available
soil surface area for Cr(VI) desorption from soil sites and the Cr(VI) transport
in the effluent.
Retardation factors for desorption ranged between 1.0 and 2.4.73
5.6 Naturally Layered Columns
Since the soil was relatively dry (moisture contents between 10 and 30 %)
and since oxygenated solution was pumped through the soil during the
experiments it was assumed that oxidizing conditions prevailed.
High initial Cr(VI) concentrations in combination with sufficiently long
contact time probably induced the reduction of Cr(VI) to Cr(III) prior to this
study, thus suggesting a large Cr(III) reservoir in the soil.
Due to the high Cr(VI) concentrations found in some of the columns, the
precipitation of a solid Cr(VI) phase was likely to have occurred. Dissolution of
a solid phase was expressed in the Cr(VI) effluent concentration curve as a
relatively constant (since equilibrium reaction) concentration line.
During the first pore volumes the suggested removal process is the
displacement of Cr(VI) dissolved in pore water or in equilibrium with its solid
phase (Appendix 1: Fig. 27).
Flow rates were harder to control in columns extracted with double-distilled
water than in any of the other columns since by eluting soil ions from the
column, dispersion of the clay particles occurred which subsequently clogged
larger pores and slowed down the flow.
5.6.1 Columns with Low Total Cr(VI) Concentrations (depth: 5-7ft.)
In the case of low initial Cr(VI) concentrations (Co= 1.6 mg/kg in column
DDW-3U at an average pH of 6.45; Co = 1.5 mg/kg in column Br-3U atan
average pH of 6.23), an initial water extraction served to remove remaining pore
water and dissolve any highly soluble chromium minerals that may have
precipitated from the pore water (Appendix 1: Figures 25 and 26). It may have
also removed some readily desorbed chromate. Cr(VI) effluent concentrations74
then ranged from 0.08 to 0.20 mg/I or 0.02 to 0.005 mg/kg. The cumulative
Cr(VI) desorption curves are shown in Figure 13.
Retardation factors exceeded R= 1 0 for column Br-3U and R=16 for column
DDW-3U (Fig. 13) indicating that Cr(VI) was tightly held by the soil.
In the absence of phosphate, bromide would have probably removed only 10%
of the extractable Cr(VI), whereas double-distilled water would have removed
about 20%.
The slow Cr(VI) removal process at low initial Cr(VI) concentrations was
believed to be diffusion-limited.
During the experiment the pH in column Br-3U increased from 5.5 to 7.0,
whereas the pH decreased from 7.0 to 6.0 in column DDW-3U.
In both columns no phosphate was originally detected. Only small amounts
of nitrate, but about 5 mg/I of sulfate were detected. Sulfate as a competitive
anion could have prevented some Cr(VI) adsorption to the soil that came from
depths between 5 and 7 ft. Phosphate broke through after 3.5 to 4.0pore
volumes after its application indicating that it was probably sorbed to the soil
while displacing exchangeable chromate as well as non-specifically sorbed
sulfate and nitrate ions.
In column DDW-3U, the slope of the cumulative Cr(VI) curve decreased
drastically after 3 pore volumes, indicating that after the extraction of pore water
and the first peak in Cr(VI) desorption, another limiting process was responsible
for Cr(VI) effluent concentrations. This limiting process was believed to be the
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Figure 13: Cumulative Cr(VI) Concentration Curvesfor Columns DDW-3U and Br-3U76
5.6.2 Columns with High Total Cr(VI) Concentrations (depth: 19-21 ft.)
The adsorption capacity of the soil was already exceeded when the
experiment started. High initial Cr(VI) concentrations enhance Cr(VI) removal
rates according to Schroth (1989). For columns DDW-4U and PO4-1U effluent
concentrations decreased rapidly within the first pore volume (from 1900 mg/I
to 200 mg/I in column PO4-1U, from 1000 mg/I to 300 mg/I in column DDW-4U).
Since in both columns Cr(VI) concentrations remained relatively constant for 4
pore volumes, dissolution of a solid Cr(VI) phase is considered to have
controlled Cr(VI) removal from the soil between pore volumes 1and 5
(Appendix 1: Figures 27, 28). Extensive tailing was observed in column DDW-4U
suggesting to diffusion-limited Cr(VI) desorption.
Retardation factors were 4.0 in column DDW-4U and 15.0 in column CI-3U.
The pH values ranged between 7.0 and 7.5.
The reason for the difference in initial slopes of the cumulative Cr(VI)
desorption curves (Fig. 14) was probably due to differences in initial Cr(VI)
concentrations and the Cr(VI) distribution in the soil.
After 5 pore volumes it became impossible to pump anymore solution
through column PO4-1U and the column had to be discontinued.
Another difference in initial conditions between columns DDW-4U and CI-3U
was the anion concentrations in the pore water. Phosphate concentrations were
above 1g/I in column DDW-4U, whereas there was no phosphate originally
detected in column CI-3U. One reason for the latter could be that in the
presence of salts like NaCI and Na2SO4, kaolinite appears to adsorb significantly
more phosphate than without these salts present (Edzwald et al.,1976).
In both columns, sulfate and nitrate were present in high concentrations (1-
2 g/1). Phosphate and sulfate ions were completely eluted after 10 and 25pore
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Figure 14: Cumulative Cr(VI) Concentration Curvesfor Columns CI-3U, DDW-4U, PO4-1U78
5.6.3 Adsorption/Desorption (depth: 7-13 ft.)
It was suggested by Stollenwerk and Grove (1985) that it is possible to
remove adsorbed Cr(VI) by leaching with chromium-free groundwater, provided
thatit was done quickly enough after the adsorption step had been
completed.
It was believed that the breakthrough of Cr(VI) in columns PO4-2U, DDW-
5U and CI-4U was retarded due to the large reduction capacity of the soil since
Cr(VI) added to a soil will remain mobile only if its concentration exceeds both
the adsorbing and the reducing capacities of the soil (see Figures 15-17). The
reduction capacity of UCP-site soil as determined by Azizian and Nelson (1992)
was 10 mg Cr(VI)/g soil and values by Palmer and Wittbrodt (1990) averaged
8.5 mg Cr(VI)/g soil. Until the reduction capacity of the soil was depleted Cr(VI)
concentrations lower than C/Co = 1 were found in the effluent.
The columns DDW-5U and CI-4U were taken from almost the same depth,
their porosity was 52.5 and 51.6 %, respectively, whereas column PO4-2Ucame
from the same depth the packed samples came from (7-9.3 ft.), hada higher
porosity (56.8 %), and lower initial pore water pH.
The only experimental difference between the columns was the extracting
agent used after the adsorption step had been completed. During the
adsorption step all experimental conditions such as background solution and
Cr(VI) influent concentrations were the same.
Differences in initial pH values and their change during the experiment are
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PO4-2U: There was no chromium and no phosphate originally detected in
the effluent. pH values averaged 5.8 and ranged from pH 4.5 in the beginning
to 6.4 at the end of the experiment indicating that the adsorption capacity of the
soil was getting depleted.
C/Co never exceeded 0.66 (Fig. 15). An attenuation of C/Co relative to the
tracer peak was interpreted by Davis et al. (1991) as a loss of Cr(VI)mass due
to reduction to Cr(III) and subsequent sorption. Furthermore, acidic soilsare
more likely to cause reduction than neutral or alkaline soils (Eary and Rai, 1991).
Changes in dominating Cr(VI) removal mechanisms were expressed in the
cumulative Cr(VI) concentration curve (Fig. 19). Changes in slope occurred at
pore volumes 12-13, when C/Co reached its maximum value 0.66, and pore
volume 27, when desorption started.
DDW-5U: 1.3 mg/I Cr(VI) was initially detected in the column effluent. pH
values averaged 6.7 and ranged from pH 6.5 in the beginning to 7.3 at the end
of the experiment. The steep increase in Cr(VI) effluent concentrationis
comparable to the bromide BTC (shown in Figure 10). After C/Co= 1 was
reached, the slope of the concentration curve decreased.
Maximum values of C/Co = 1.3 were observed (Fig. 16), indicating that
either Cr(VI) originally present in the soil was releasedor that Cr(VI) pumped
through the soil first was retarded and then released at a later time.0
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Figure 19: Cumulative Cr(VI) Concentration Curvesfor Columns DDW-5U, CI-4U, PO4-2U
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CI-4U: 2.5 mg/I Cr(VI) was originally detected in the column effluent. pH
values averaged 6.11 and ranged from pH 5.5 in the beginning to 7.0 at the end
of the experiment. Slower increase in chromium effluent concentrations than in
column DDW-5U indicated more retardation of Cr(VI) than in DDW-5U. Ten
pore volumes were necessary to decrease C/Co from 1.05 to 0.22, with the
falling limb of the curve steeper than the rising limb (see Fig. 17).
Through integration of the area under the Cr(VI) adsorptioncurves (Figures
15-17) the following results were obtained (Table 6).
Table 6: Partitioning of Cr(VI) in the Soil (Adsorption Experiments)
ColumnCr(VI) [mg] Cr(VI) [mg] Cr(VI) [mg]Cr(VI) [mg] Cr(VI) [mg]
No. adsorbed reduced in effluent initially presentextracted
PO4-2U 20.02 25.20 32.64 0.00 2.85
DDW-5U 10.81 (12.69) * ** 54.36 0.69 0.56
CI-4U 8.94 (15.07)*** 53.85 2.99 0.48
**
refers to the area under the Cr(VI) adsorptioncurve before Cr(VI)
adsorption was initiated; an indication that Cr(VI) was already present inthe
soil before the experiment started.
refers the the amount of phosphate-extractable Cr(VI) thatwas found in the
soil after the desorption process had been discontinued.
*** estimated from mass balance.86
The acidic soil (PO4-2U) adsorbed and reduced (= retained) about twice
as much Cr(VI) as the other two soils. In addition, it took longer to desorb
Cr(VI) from the acidic soil even though phosphate was used as the extractant.
Double-distilled water performed slightly better in the removal of Cr(VI) than did
sodium chloride.
5.7 Heterogeneities
The fact that heterogeneities in soil structure as well as in the distribution
of Cr(VI) within the soil column caused fluctuating Cr(VI) effluent concentrations
is illustrated by the following results of the soil-squeezing experiment (columns
Br-3U and DDW-3U) in which a pressure of 40 psi was applied (see Appendix
2 for more details). Even though 0.1 effluent pore volumes were collected by
increasing the lateral pressure on the sample columns, no Cr(VI) was detected
in the effluent of column Br-3U and only a small amount of Cr(VI) (0.01 mg/kg)
in the effluent of column DDW-3U. When normal pumping procedureswere
started, 1.5 mg Cr(VI)/kg soil (Br-3U) and 1.6 mg Cr(VI)/kg soil (DDW-3U),
respectively, could be extracted from these columns. Most of the Cr(VI)was
probably not evenly distributed within the soil column, but insteadmore
concentrated in the top part of the column. Thus squeezing out pore water from
the bottom of the column suggested no or low Cr(VI) concentrations,
respectively. Heterogeneities in soil structure and therefore flow paths partially
accounted for the fact that no sharp Cr(VI) effluent peak occurred afterone
pore volume. Instead elevated Cr(VI) concentrations extended over a prolonged
period of time. Another explanation for the latter phenomenon would be the
presence of reactions that need time to equilibrate. The desorption curves for
both columns are shown in Figures 25 and 26 (Appendix 1).87
5.8 Extracting Agents
5.8.1 Phosphate
For column Br-3U a phosphate extraction was conducted following the
tracer experiment. The phosphate extraction increased Cr(VI) desorption bya
factor of two for column Br-3U, whereas for column DDW-3Uno difference
between the water and the phosphate extraction was observed (Fig. 13). The
latter might have been due to the formation of an insoluble CaPO4 phase such
as apatite since calcium was a major groundwater ion (Palmer and Wittbrodt,
1990) or any other phosphate-salt in column DDW-3U. Therefore, addition of
phosphate to the eluant did not increase Cr(VI) effluent concentrations. The
cumulative Cr(VI) desorption curves are shown in Figure 13.
In column PO4-1U, Cr(VI) effluent concentrationswere very high in the
beginning of the experiment, but whether phosphate servedas the more
effective extracting agent could not be determined since the column hadto be
discontinued after 5 pore volumes due to clogging of the effluentport
(Appendix 1: Fig. 27)
Applying phosphate to column PO4-2U resulted in increased Cr(VI) effluent
concentrations which remained as high as C/Co= 0.55 for ten pore volumes.
The fact that phosphate effectively competed for soil sorption sites in
column PO4-2U is supported by the observed retardation of the phosphate
breakthrough between pore volumes 33 to 38 (Appendix 1: Fig. 30). Not only
Cr(VI) seemed to be displaced by phosphate, but also sulfate, since the sulfate
concentration rose as soon as phosphate was applied.88
5.8.2 Double-Distilled Water
In the packed soil columns, double distilled water displayed the fastest
desorption rates (Fig. 12). Peak Cr(VI) effluent concentrations rangedbetween
50 and 100 mg/I.
In soil with low Cr(VI) concentration, double-distilled water didnot serve as
a very effective extracting agent (column DDW-3U) as compared to using
phosphate as the extractant (column Br-3U) (Fig. 13).
Column DDW-4U behaved more closely to the packed soil samplesthan
any of the other naturally layered soil columns. Almost all of the phosphate-
extractable Cr(VI) was removed during the desorption period (C/Co almost
reached 1.0). In addition, column DDW-4U showed the steepest initial slope of
the cumulative desorption curve (Fig. 14).
Double-distilled water as the extracting agent effectively desorbed Cr(VI) in
column DDW-5U. Cr(VI) effluent concentrations remained high forseven pore
volumes (Fig. 16).
5.8.3 Sodium Chloride
In the packed soil columns, sodium chloride displayed slowest desorption
rates (Fig. 12) and peak Cr(VI) effluent concentrationswere only one third to
one half of the Cr(VI) peak effluent concentrations in the other packed soil
columns.
After an initial decrease in Cr(VI) effluent concentrations in the chloride
column CI-3U (Appendix 1: Fig. 29) within the firstpore volume (from 53 mg/I
to 20 mg/I) a steady increase of Cr(VI) in the effluent could be observed (the
decrease between pore volumes 4 and 6 was due to extremely high flowrates
which lowered Cr(VI) concentrations artificially). As had been found inthe
packed soil columns, sodium chloride as the extractant slowed down Cr(VI)
desorption rates. But even though desorption rates in column CI-3Uwere89
slower than in column DDW-4U, which is also shown in the smaller slope of the
cumulative desorption curve (Fig. 14), effluent Cr(VI) concentrations were still
increasing when pumping stopped indicating that eventually sodim chloride
would probably have removed as much Cr(VI) as the lower ionic strengths
solution.
In the desorption part of the adsorption/desorption experiment a slower
increase in chromium effluent concentrations was found in column CI-4U than
in column DDW-5U which indicated more retardation of Cr(VI) in the chloride
column than in the double-distilled water column. Ten pore volumeswere
necessary to decrease C/Co from 1.05 to 0.22 in column CI-4U (Fig. 17).6. SUMMARY
6.1 Dispersion and Retardation
90
The observed asymmetry of the tracer breakthrough curves, some of which
showed significant curve tailing suggests a large water content of the immobile
water phase compared to the water content of the mobile phase in the soil.
Since the water content of the immobile phase was large compared to the water
content of the mobile phase, the diffusional mass transfer into the immobile
phase required more time and therefore introduced a stronger non-equilibrium
behavior to the solute transport (Schroth, 1989).Soil dispersion factors
averaged 1.2, whereas retardation factors ranged from 0.8 to 1.2 reflecting soil
heterogeneities.
Cr(VI) concentration "tailing" was caused by intragranular diffusion during
the transfer of Cr(VI) from the immobile water phase to the mobile water phase.
6.2 Packed Columns
The amount of Cr(VI) present in the previously dried and manually packed
soil columns averaged 26.6 mg/kg ± 2.00 mg/kg.
Desorption was enhanced when low ionic strength extractants were used
(double-distilled water) and desorption was retarded in high ionic strength
solutions (sodium chloride). Low ionic strength leads to dispersion of soil
particles and thus increased surface area, resulting in more efficient Cr(VI)
extraction.
Near neutral pore water pH values increased Cr(VI) desorption rates by
reducing Cr(VI) adsorption onto the soil. Cr(VI) desorption was delayed by pH
values below 6.5 where Cr(VI) adsorption gained in importance.91
Since the soil had been dried prior to usage and was under oxidizing
conditions, reduction of Cr(VI) to Cr(III) was not believed to have occurred to
any large extent. The soil drying probably forced Cr(VI) dissolved in the pore
water to crystallize and precipitate as calcium or sodium salts. When the
extraction was started crystallized Cr(VI) immediately dissolved andwas eluted
from the column within the first pore volume.
Cr(VI) retardation factors for desorption ranged between 1.0 and 2.4.
Differences in soil porosity, saturation, and distribution of Cr(VI) within the soil
column probably were responsible for the difference in arrival times of the Cr(VI)
concentration peaks in the effluent.
6.3 Naturally Layered Columns
The same dependance of Cr(VI) removal rates on the ionic strengths of the
extractants as had been identified for the packed soil columns was observed.
pH effects were inconclusive. Heterogeneities insoil texture and Cr(VI)
distributionwithin thesoilcontributed to highly variableCr(VI)effluent
concentrations.
6.3.1 Columns with Low Total Cr(V1) Concentrations (depth: 5-7ft.)
For soil with initial Cr(VI) concentrations below 2 mg/kg and pH values
below 6.5 desorption of Cr(VI) occurred after the chromate dissolved inpore
water had been removed. Phosphate extraction doubled Cr(VI) desorption only
when no solid Cr(VI) phase was believed to be present. Retardation factors of
10 and 16 indicated that Cr(VI) was tightly held by the soil. The slow Cr(VI)
removal process was believed to be diffusion-limited.92
6.3.2 Columns with High Total Cr(V1) Concentrations (depth: 19-21 ft.)
For soil with initial Cr(VI) concentrations above 400 mg/kg and pH values
around 7.4, the adsorption capacity of the soil had already been exceeded.
During the first 5 pore volumes the dominant Cr(VI) removal mechanism
suggested was the displacement of chromate by Cr(VI)-free solutions (firstpore
volume) and the dissolution of a chromate solid phase during the following4
pore volumes. Desorption of Cr(VI) occurred for the remaining pore volumes.
The dissolution of a solid Cr(VI) phase such as barium chromate and/ora
Ba(SO4,Cr04)-complex was believed to have taken place.
The retardation factor equaled 4.0 for the double-distilled water column and
for the sodium chloride column it equaled 15.0.
6.3.3 Adsorption/Desorption (depth: 7-13 ft.)
The acidic soil was found to adsorb 28.67 mg Cr(VI)/kg of soil and
36.09 mg Cr(VI)/kg was reduced.
Since the other two columns (DDW-5U, CI-4U) already hada small amount
of Cr(VI) dissolved in pore water before the experiment started, theamount of
Cr(VI) adsorbed during the experiment was estimated toaverage
9.9 mg Cr(VI)/kg was. The fact that maximum Cr(VI) effluent concentrations
exceeding the influent concentration were observed suggests that either the
dissolution of a chromate solid phase or delayed desorption of Cr(VI) already
present in the soils took place.
It was believed that the Cr(VI) breakthrough was retarded due to the large
reduction capacity of the soil.93
6.4 Extracting Agents
A 0.01 M phosphate solution was found to be most effective in the
displacement of Cr(VI) from soilsorptionsites,especially when Cr(VI)
concentrations in the soil decreased below 3 mg/kg. A lower ionic strength
solution such as double-distilled water was found to enhance Cr(VI) removal
rates from the soil as compared to a higher ionic strength solution such as
0.01 M sodium chloride.94
7. CONCLUSIONS
Since double-distilled water enhanced Cr(VI) desorption rates, a pump-and-
treat process using a low ionic strength solution is suggested as the extracting
solution.
Due to phosphate competition for soil sorption sites, phosphate application
was found to double Cr(VI) desorption rates once the Cr(VI) concentration in the
soil dropped below 3 mg/kg.
pH effects on Cr(VI) removal kinetics in the naturally layered soil columns
were masked by differences in initial Cr(VI) concentrations. pH effects for those
columns were inconclusive due to the limited amount of experiments that could
be conducted and due to well-buffered soil causing pore water pH values to
range between 6.5 and 7.5 in most of the naturally layered soil columns.
In the packed columns, Cr(VI) adsorption was increased and desorption
was decreased at pore water pH values below 6.5, whereas above pH 6.5
Cr(VI) adsorption was suppressed and therefore desorption was enhanced.
As expected the naturally layered columns behaved in a similar way as the
packed columns. Different porosities, initial pH values, and heterogeneities in
soil structure and the Cr(VI) distribution within the soil accounted for the
observed deviations in Cr(VI) desorption curves and dispersion and retardation
factors.
Cr(VI) removal mechanisms (desorption,reduction, dissolution) were
essentially the same in the packed and the naturally layered soil columns,
except that drying the soil decreased its reduction potential and probably
caused the formation of Cr(VI)-salts that temporarily precipitated.95
Summary of Conclusions:
Injecting low ionic strength solutions at the UCP-site would enhance the
Cr(VI) removal process
Phosphate doubles Cr(VI) effluent concentrations once Cr(VI) concentrations
on the soil drop below 3 mg/kg
Acidic soils retain larger amounts of Cr(VI) through adsorption and
reduction than soils with near neutral pore water pH
Higher soil pH enhances Cr(VI) desorption
More retardation and more dispersion occured in the naturally layered soil
due to soil heterogeneities
Parameters contributing to the effectiveness of the remediation efforts:
initial Cr(VI) concentration
porosity and degree of saturation
reduction capacity of the soil
adsorption capacity of the soil
pH
ionic strength
presence of a Cr(VI) solid phase96
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APPENDIX 1
DETAILED DESCRIPTION OF CR(VI) DESORPTION CURVES
This appendix contains the description and interpretation of the Cr(VI)
desorption curves for each individual soil columnas well as comments about
the anion concentrations found during the desorption experiments.104
Packed Soil Columns
After an initial Cr(VI) desorption peak of 55.4 mg/I for column DDW-2D, of
99.4 mg/I for column DDW-2D, of 83.0 mg/I for column Br-1D, of 55.5 mg/I for
column Br-2D, and of 21.8 mg/I for column CI-1D, chromium effluent
concentrations remained within a relatively small range between 0.5 and 6.0
mg/I for the rest of the study period (Fig. 20-24).
The spread in time to the arrival of the Cr(VI) effluent peak probably
reflected differences in porosity as well as the heterogeneous distribution of the
Cr(VI) in the columns. Even though the soil had been thoroughly mixed before
packing a completely homogeneous Cr(VI) distribution within the column and
therefore simultaneous arrival of Cr(VI) in the effluent cannot be expected.
The delay in the Cr(VI) effluent peak for column DDW-1D could have been
caused by incomplete wetting before the experiment started. Therefore, 2-3
pore volumes were required to saturate the soil, thereby increasing the available
soil surface area for Cr(VI) desorption from soil sites and the Cr(VI) transport
in the effluent.Effluent Pore Volumes (Ve/Vp)
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Figure 23: Cr(VI) Concentration andpH Curve for Column Br-2D
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Figure 24: Cr(VI) Concentration and pH Curvefor Column CI-1D
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Naturally Layered Soil Columns
1. Columns with Low Total Cr(VI) Concentrations:
DDW-3U: It took three pore volumes for phosphate to break through. The
chromate effluent concentration peak at pore volume 11 coincided with a low
point of phosphate concentration. Nitrate and sulfate concentration curves
initially resembled the chromate concentration curve. With the advent of
phosphate, nitrate and sulfate concentrations increased briefly and then
followed the shape of the phosphate concentration curve (not the chromate
curve).
The Cr(VI) concentration curve (Fig. 25) resembles the tracer curve (Fig. 7)
with dispersion occurring.Cr(VI)effluent concentrations dropped below
detection limits after 12 pore volumes.
Br-3U: With the occurrence of phosphate in the effluent at pore volume 4,
sulfate and chromate effluent concentrations increased, too. Phosphate
concentrations reached C/Co = 1at pore volume 7.5, when sulfate and
chromate concentrations decreased. Nitrate concentrations were low untilpore
volume 2.8. Nitrate and chromate concentrations peaked at pore volume 3.
Sulfate and chromate concentrations increased simultaneously afterpore
volume 3. As more and more background ions were extracted from the soil,
unspecifically adsorbed anions diffused along decreasing concentration
gradients into solution, first nitrate, then sulfate and available chromate. Once
phosphate was applied this process accelerated and also exchangeable
chromate was displaced.
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Figure 26: Cr(VI) Concentrationand pH Curve for Column Br-3U
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2. Columns with High Total Cr(VI) Concentrations:
PO4-1 U: Highest Cr(VI) concentrations were observed in this column.
Anions all behaved in a similar way. Sulfate and phosphate are most dominant.
Their effluent concentration curve resembled the Cr(VI) concentration curve.
Column PO4-1U had to be discontinued shortly after the beginning of the
experiment due to its low initial moisture content which prevented continuous
pumping action. The Cr(VI) concentration curve is shown in Figure 27.
DDW-4U: Independent of Cr(VI) concentrations, pH slightly rose from 7 to
7.5 (Fig. 28). Anion concentrations were very erratic and followed flow rate
patterns. After 20 pore volumes all anions had been extracted.
Column DDW-4U most closely resembled conditions in the packed soil
columns since the cumulative desorption curve looked like the ones from the
packed columns.
CI-3U: Effluent concentrations remained higher for a longer period of time
than column DDW-4U (Fig. 29). In addition, the cumulative desorptioncurve of
column CI-3U displayed a steeper slope (Fig. 14). Whether this phenomenon
was due to chloride chemistry in soils remains to be investigated. After the
anions were extracted, Cr(VI) concentrations increased in the effluent. pH values
averaged 7.49.
Phosphate was collected in the effluent only for a brief period of time
between pore volume 10 and 14, when Cr(VI) effluent concentrationswere
below 2 mg/kg.
After pore volume 14, Cr(VI) concentrations increased rapidly. A possible
explanation for this behavior is that sorbed phosphate diffused into thepore
water following a steep concentration gradient established by the continuous
extraction of anions out of the pore water for ten pore volumes. Following the
extraction of phosphate, chromate ions temporarily occupied the vacant
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Figure 29: Cr(VI) Concentrationand pH Curve for Column CI-3U
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3. Adsorption/Desorption:
PO4-2U: The fact that phosphate effectively competed for soil sorption sites
is supported by the observed retardation of the phosphate breakthrough
between pore volumes 33 to 38. Not only Cr(VI) seemed to be displaced by
phosphate, but also sulfate, since the sulfate concentration rose as soonas
phosphate was applied (Fig.30).
DDW-5U: The decrease in phosphate and sulfate concentrations in the
effluent changed to an increase in sulfate concentrations and stagnating
phosphate concentrations when Cr(VI) adsorption was initiated (see Fig. 31).
When Cr(VI) was desorbed, sulfate concentrations decreased simultaneously
with Cr(VI) concentrations, whereas phosphate concentrations instantly slightly
increased.
C1-4U: The anion effluent concentration curves look similar to theones in
column DDW-5U except that phosphate did not increase when desorption
started. Sulfate effluent concentrations resembled Cr(VI) ad- and desorption
concentration curves (see Fig. 32).
First, sulfate and phosphate were eluted, then between pore volumes 4.5
to 9 Cr(VI) adsorption displaced sulfate into pore water, whereas phosphate
concentrations continued to decrease. During the rest of the Cr(VI) adsorption
processphosphateconcentrationsremainedconstantandsulfate
concentrations rose slightly but remained relatively constant thereafter. This
behavior might have been due to equilibrium dissolution reactions witha solid
phase. When for the Cr(VI) desorption process DDW replaced NaCIas
extracting agent, sulfate was extracted, whereas phosphate increased abruptly.
Except for the first five pore volumes where the slope was smaller, the
cumulative desorption curve displayed the same constant slope during the118
adsorption period (see Fig. 19). During desorption the slope was slightly smaller
in the beginning and leveled out after 5-6 pore volumes.
A constant slope indicates that no changes in the Cr(VI) removal
mechanism occurred. During the first 5 pore volumes C/Co= 1 was reached,
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This appendix contains tables with the experimental data of the soil column




































1 05/29/91 10:55 13:25 2.50 2.50 23.5 8.91 5.0 5.0 0.1 2.0 0.04 0.04 1.420 0.421
2 05/29/91 13:25 18:25 5.00 7.50 23.5 8.90 10.0 15.0 0.3 2.0 0.23 0.27 3.768 0.371
3 05/29/91 18:25 23:25 5.00 12.50 23.0 6.83 10.0 25.0 0.4 2.0 0.35 0.82 5.725 0.371
4 05/30/91 08:00 13:00 5.00 17.50 23.0 7.12 100 35.0 08 2.0 0.43 1.04 7.030 0.423
5 05/30/91 13:00 18:00 5.00 22.50 23.0 8.88 10.0 45.0 0.8 2.0 0.58 1.60 9.208 0.481
6 05/30/91 18:00 23:00 5.00 27.50 23.0 6.45 10.0 55.0 0.9 2.0 0.77 2.37 12.633 19.491
7 05/31/91 07'20 12:20 5.00 32.50 23.0 8.50 10.0 65.0 1.1 2.0 1.98 4.35 32.846 102.737
8 05/31/91 12:20 17:20 5.00 37.50 24.0 6.37 10.0 75.0 1.3 2.0 4.87 9.01 77028 91.912
9 05/31/91 17.20 22:20 5.00 42.50 24.5 6.05 10.0 85.0 1.4 2.0 5.03 14.05 83.029 87.250
10 06/01/91 14:30 19:30 5.00 47.50 23.0 8.52 10.0 95.0 1.8 2.0 3.13 17.18 51.818 108.159
11 06/01/91 19:30 22:00 2.50 50.00 23.0 8.53 5.0 100.0 1.7 2.0 0.81 17.98 26.576 90.560
12 06/02/91 10:08 15:06 5.00 55.00 23.0 8.60 10.0 110.0 1.8 2.0 0.92 18.90 15.156 92.250
13 06/02/91 15:08 20:08 5.00 80.00 23.5 6.52 10.0 120.0 2.0 2.0 0.88 19.58 11.214 100.438
14 06/03/91 07:51 15:51 8.00 88.00 24.0 8.77 15.0 135.0 2.3 1.9 1.25 20.83 13.757 99.669
15 06/03/91 15:51 23:51 8.00 78.00 23.0 8.30 15.0 150.0 2.5 1.9 0.85 21.48 7.192 102.397
16 06/04/91 23:51 07:51 8.00 84.00 24.0 8.18 15.0 165.0 2.8 1.9 0.67 22.15 7.374 96.721
17 06/04/91 07:51 15:51 8.00 92.00 24.0 8.77 15.0 180.0 3.0 1.9 0.58 22.72 8.191 95.880
18 06/04/91 18:07 21:07 5.00 9700 24.0 8.85 10.0 190.0 3.2 2.0 0.31 23.03 5.147 94.028
19 06/05/9107:28 12:28 5.00 97.00 24.0 8.88 10.0 190.0 3.2 2.0 0.29 23.00 4.719 91.233
20 08/05/91 12:28 17:28 5.00 102.00 24.0 6.88 10.0 200.0 3.4 2.0 0.28 23.28 4.304 90.538
21 06/05/91 17:28 22:28 5.00 107.00 240 8.84 10.0 210.0 35 2.0 0.23 23.50 3.824 88.584
22 06/06/91 07:30 12:30 5.00 112.00 240 8.65 10.0 220.0 3.7 2.0 0.22 23.71 3.578 31.130
23 06/06/91 12:30 17:30 5.00 117.00 24.0 8.65 10.0 228.0 3.8 2.0 0.36 24.07 5.963 8.950
24 06/06/91 17:30 22:30 5.00 122.00 24.0 8.61 8.0 237.0 4.0 1.6 0.27 24.34 5.515 4.717
25 06/07/91 07:35 12:35 5.00 127.00 24.0 6.71 9.0 248.5 4.1 1.8 0.20 24.54 3.734 5.407
26 06/07/91 12:35 17:35 5.00 132.00 24.0 8.69 9.5 258.0 4.3 1.9 0.18 24.72 3.110 4.422
27 06/07/91 17:35 22:35 5.00 137.00 27.0 6.90 9.5 272.0 4.6 1.9 0.15 24.87 2.553 1.048
28 06/08/91 08:50 16:50 8.00 145.00 29.0 7.19 18.0 301.0 5.0 2.0 0.21 25.08 2.167 0.871
29 06/09/91 16:50 08:45 15.92 160.92 28.0 8.71 29.0 330.0 5.5 1.8 0.28 25.38 1.605 0.789
30 06/09/91 08:45 21:30 12.75 173.67 25.0 8.47 23.0 353.0 5.9 1.8 0.15 25.51 1.049 0.780
31 06/10/91 21:30 14:05 16.58 190.25 24.5 6.90 28.0 381.0 6.4 1.7 0.13 25.64 0.785 0.737
32 06/11/91 14:05 14:05 24.00 214.25 22.0 8.16 37.0 418.0 7.0 1.5 0.13 25.77 0.563 0.611
33 06/12/91 14:05 13:40 23.58 237.83 23.0 6.56 35.0 453.0 7.6 1.5 0.11 25.88 0.512 0.536
34 06/13/91 13:40 15:45 26.08 263.92 21.0 8.70 38.5 489.5 8.2 1.4 0.11 25.98 0.484
Avg. Values: 23.93 6.66 1.90te.,
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1 07/08/9111:30 14:30 3.00 3.00 25.0 5.97 11.0 11.0 0.2 37 0.02 0.02 0.243
2 07/08/91 14:30 17:30 3.00 8.00 25.7 6.65 8.0 17.0 0.3 2.0 0.02 0.04 0.805
3 07/08/91 17:30 22:30 5.00 11.00 25.5 6.75 14.0 31.0 0.8 2.8 0.08 0.10 0.682
4 07/09/91 22:30 03:30 5.00 16.00 23.0 8.90 10.0 41.0 0.7 2.0 0.09 0.19 1.502
5 07/09/9103:30 08:30 5.00 21.00 23.0 7.09 7.0 48.0 0.9 1.4 0.26 0.47 6.512
6 07/09/91 08:30 13:30 5.00 28.00 23.5 7.10 7.5 55.5 1.0 1.5 0.12 0.59 2.578
7 07/09/91 13:30 18:30 5.00 31.00 24.0 7.08 11.0 88.5 1.2 2.2 0.10 0.70 1.536
8 07/09/91 18:30 23:30 5.00 36.00 24.0 7.08 10.0 78.5 1.4 2.0 0.20 0.89 3.225
9 07/10/91 23:30 05:30 6.00 42.00 23.0 7.19 10.0 88.5 1.6 1.7 0.23 1.12 3.683
10 07/10/9105:30 11:30 6.00 48.00 23.0 7.14 8.0 94.5 1.7 1.3 0.22 1.35 4.504
11 07/10/91 11:30 17:30 6.00 54.00 24.0 7.14 14.0 108.5 2.0 2.3 0.28 1.62 3.178
12 07/10/91 17:30 23:30 6.00 60.00 24.5 7.18 5.0 113.5 2.1 0.8 0.24 1.88 7.800
13 07/11/91 23:30 05:30 8.00 66.00 23.0 7.13 10.0 123.5 2.2 1.7 0.48 2.32 7.505
14 07/11/91 05:30 11:30 8.00 72.00 23.5 6.97 9.0 132.5 2.4 1.5 0.35 2.67 8.279
15 07/11/91 11:30 17:30 8.00 78.00 25.0 7.04 11,0 143.5 2.8 1.8 0.49 3.16 7.159
16 07/11/91 17:30 23:30 6.00 84.00 25.0 7.05 80 151.5 2.8 1.3 0.48 3.83 9.647
17 07/12/91 23:30 05:30 8.00 90.00 24.0 7.09 8.0 157.5 2.9 1.0 0.41 4.04 10.985
18 07/12/9105:30 10:30 5.00 95.00 20.5 7.05 6.0 183.5 3.0 1.2 0.52 4.58 14.123
19 07/12/91 10:30 19:30 9.00 104.00 26.5 6.93 13.0 176.5 3.2 1.4 1.34 5.91 18.702
20 07/13/91 19:30 03:30 8.00 112.00 25.0 6.84 8.5 185.0 3.4 1.1 1.42 7.33 27.075
21 07/13/9103:30 1230 9.00 121.00 24.0 6.58 24.0 209.0 3.8 2.7 4,20 11.54 28.327
22 07/13/91 12:30 21:30 9,00 130.00 24.0 6.72 7.0 218.0 3.9 0.6 2.40 13.93 55.385
23 07/14/9121:30 06:30 9.00 139.00 23.5 8.63 56.0 272.0 48 8.2 8.42 20.38 18.548
24 07/14/9108:30 15:30 9.00 148.00 24.0 8.90 29.0 301.0 5.5 3.2 0.70 21.08 3.905
25 07/15/91 15:30 00:30 9.00 157.00 23.5 8.98 23.0 324.0 5.9 2.6 1.06 22.12 7.478
25a 07/15/9100:30 09:30 9.00 188.00 23.0 7.17 7.0 331.0 8.0 0.8 0.12 22.24 2.728
26 07/15/9109:30 18:00 8.50 174.50 23.5 7.08 32.0 383.0 8.8 3.5 0.90 23.13 4.533
27 07/18/91 18:00 10:00 18.00 190.50 23.0 7.12 20.0 383.0 7.0 1.2 0.33 23.47 2.891
28 07/18/91 10:00 20:00 10.00 200.50 24.5 7.17 18.8 401.8 7.3 1.9 0.47 23.94 4.035
29 07/17/91 20:00 06:00 10.00 210.50 23.0 7.11 27.0 428.8 7.8 2.7 0.37 24.31 2.213
30 07/17/91 08:00 18'00 10.00 220.50 23.5 6.86 41.5 470.3 8.6 4.1 0.33 24.63 1.274
31 07/18/91 18:00 03:00 11.00 231.50 23.0 7.11 21.0 491.3 8.9 1.9 0.15 24.79 1.191
32 07/18/91 03:00 15:30 12.50244.00 24.0 6.83 80.0 551.3 10.0 4.8 0.27 25.06 0.734
33 07/19/91 15:30 15:00 23.50 267.50 24.0 6.89 60.0 611.3 11.1 2.8 0.31 25.37 0.845
34 07/20/91 1500 20:00 29.00 296.50 24.0 7.18 70.0 681.3 12.4 2.4 0.23 25.61 0.542
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1 I02/26/92 08:25 11:00 2.58 2.58 24.0 4.71 23 23.0 0.1 8.9 0.01 0.01 0.181
2 02/26/92 11:00 13:15 2.25 4.83 24.0 5.98 55 78.0 0.5 24.4 0.05 0.06 0.459
3 02/26/92 13:15 18:30 3.25 8.08 24.0 5.82 100 178.0 1.0 30.8 0.08 0.13 0.308
4 02/26/92 18:30 19:25 2.92 11.00 25.0 5.86 35 213.0 1.2 12.0 0.00 0.13 0.000
5 02/26/92 19:25 23:05 3.87 14.87 25.0 5.55 18.5 231.5 1.3 5.0 0.00 0.13 0.000
8 I02/26/92 23:05 07:00 7.92 22.58 24.0 5.55 26.5 258.0 1.5 3.3 0.00 0.13 0.000
7 02/27/92 07:00 11:00 4.00 28.58 24.0 5.53 27 285.0 1.7 8.8 0.00 0.13 0.000
B 02/27/92 11:00 15:00 4.00 30.5e 24.0 5.70 18 301.0 1.8 4.0 0.00 0.13 0.000
9 02/27/92 15:00 19:10 4.17 34.75 25.0 5.68 10 311.0 1.8 2.4 0.00 0.13 0.000
10 I02/27/92 19:10 22:55 3.75 38.50 25.0 5.87 23 334.0 1.9 6.1 0.00 0.13 0.000
11 02/27/92 22:55 07:03 8.13 46.83 24.0 5.73 15.5 349.5 2.0 1.9 0.00 0.13 0.000
12 02/28/92 07:03 11:00 3.95 50.58 24.0 5.54 15 364.5 2.1 3.8 0.00 0.13 0.000
13 02/28/92 11:00 15:00 4.00 54.58 24.0 5.74 23 387.5 2.3 5.7 0.00 0.13 0.000
14 02/28/92 15:00 20:35 5,58 80.17 24.0 5.80 23 410.5 2.4 4.1 0.00 0.13 0.00221
15 I02/28/92 20:35 08:05 11.50 71.87 23.5 5.78 39 449.5 2.8 3.4 0.00 0.13 0.012
18 02/29/92 08:05 14:10 6.08 77.75 24.0 5.58 70 519.5 3.0 11.5 0.00 0.13 0.014
17 I02/29/92 14:10 17:55 3.75 81.50 24.5 5.80 49 568.5 3.3 13.1 0.00 0.13 0.013
18 02/29/92 17:55 00:00 8.08 87.58 24.5 8.04 22 590.5 3.4 3.6 0.00 0.13 0.018
19 02/29/92 00:00 08:35 8.58 96.17 23.0 8.00 16 806.5 3.5 1.9 0.00 0.13 0.024
20 03/01/92 08:35 16:15 7.67 10383 24.0 5.92 24 630.5 3.7 3.1 0.00 0.14 0.067
21 03/01/92 16:15 23:00 6.75 110.58 24.0 8.04 27 657.5 3.8 4.0 0.00 0.14 0.054
22 03/01/92 23:00 08:00 9.00 119.58 24.0 8.21 28.5 884.0 4.0 2.9 0,01 0.14 0.099
23 I03/02/92 08:00 11:40 3.67 123.25 24.0 6,11 13 697.0 4.1 3.5 0.00 0.15 0.112
24 03/02/92 11:40 17:00 5.33 128.58 24.0 5.94 19 718.0 4.2 3.8 0.01 0.15 0.174
25 03/02/92 17:00 20:00 3.00 131,58 24.0 8.11 9.2 725.2 4.2 3.1 0.00 0.18 0.162
26 I03/02/92 20:00 22:50 2.83 134.42 24.0 5.98 10 735.2 4.3 3.5 0.00 0.16 0.150
27 03/02/92 22:50 07:05 8.25 142,67 23.0 8.31 35.5 770.7 4.5 4.3 0.02 0.18 0.300
28 I03/03/92 07:05 10:30 3.42 146.08 23.0 6.56 16 788.7 4.6 4.7 0.00 0.19 0.070
29 03/03/92 10:30 12:45 2.25 148,33 23.5 6.81 10 796.7 4.6 4.4 0.01 0.19 0.334
30 I03/03/92 12:45 15:45 3.00 151.33 23.5 6,97 14.7 811.4 4.7 4.9 0.01 0.20 0.311




































32 I03/03/92 18:55 23:05 4.17 158.67 25.0 6.83 15.5 842.9 4.9 3.7 0.01 0.22 0.316
33 I03/03/92 23:05 07:05 8.00 166.67 24.0 7.04 16.8 859.7 5.0 2.1 0.02 0.23 0.431
34 03/04/92 07:05 10:55 3.83 170.50 24.0 6.62 15.5 875.2 5.1 4.0 0.02 0.25 0.481
35 03/04/92 10:55 13:20 2.42 172.92 24.0 6.73 10.5 885.7 5.2 4.3 0.00 0.25 0.165
36 03/04/92 13:20 16:55 3.58 176.50 24.0 6.78 14.5 900.2 5.2 4.0 0.01 0.26 0.364
37 I03/04/92 16:55 23:00 6.08 182.58 24.0 6.84 18 918.2 5.4 3.0 0.01 0.28 0.359
38 I03/04/92 23:00 08:10 9.17 191.75 23.5 6.91 12 930.2 5.4 1.3 0.01 0.28 0.296
39 03/05/92 08:10 12:45 4.58 196.33 24.0 6.56 14.5 944.7 5.5 3.2 0.01 0.29 0.311
40 03/05/92 12:45 18:40 5.92 202.25 24.0 8.73 21.2 965.9 5.6 3.6 0.01 0.31 0.271
41 03/05/92 18:40 23:00 4.33 206.58 24.5 8.87 12.3 978.2 5.7 2.8 0.01 0.31 0.214
42 I03/05/92 23:00 08:10 9.17 215.75 23.0 6.75 42.5 1020.7 6.0 4.6 0.02 0.33 0.197
43 03/06/92 08:10 16:40 8.50 224.25 24.0 6.95 38 1058.7 6.2 4.5 0.01 0.34 0.169
44 03/06/92 16:40 23:10 6.50 230.75 24.5 6.93 21.3 1080.0 6.3 3.3 0.01 0.35 0.240
45 03/06/92 23:10 08:55 9.75 240.50 23.5 8.88 33 1113.0 6.5 3.4 0.02 0.37 0.218
46 I03/07/92 08:55 16:55 8.00 248.50 23.0 6.77 25 1138.0 6.6 3.1 0.01 0.38 0.214
47 I03/07/92 16:55 23:10 6.25 254.75 22.5 6.92 17.8 1155.8 6.7 2.8 0.01 0.39 0.196
48 03/07/92 23:10 09:40 10.50 265.25 21.5 7.04 28 1183.8 6.9 2.7 0.01 0.40 0.191
49 03/08/92 09:40 17:40 8.00 273.25 22.0 6.86 22 1205.8 7.0 2.7 0.01 0.40 0.149
50 I03/08/92 17:40 23:20 5.67 278.92 22.0 7 04 16.8 1222.6 7.1 3.0 0.01 0.41 0.143
51 I03/08/92 23:20 08:15 8.92 287.83 21.0 6.96 31 1253.6 7.3 3.5 0.01 0.42 0.134
52 03/09/92 08:15 17:10 8.92 296.75 23.0 6.51 31 1284.6 7.5 3.5 0.01 0.42 0.085
53 I03/09/92 17:10 22:55 5.75 302.50 23.5 6.92 16 1300.6 7.6 2.8 0.00 0.43 0.107
54 03/09/92 22:55 12:45 13.83 316.33 22.0 6.99 32.5 1333.1 7.8 2.3 0.01 0.44 0.118
55 I03/10/92 12:45 13:30 24.75 341.08 21.5 6.98 70.1 1403.2 8.2 2.8 0.01 0.44 0.043
56 03/11/92 13:30 12:35 23.08 367.00 22.0 6.80 70 1473.2 8.6 3.0 0.01 0.45 0.077
57 I03/12/92 12:35 14:30 25.92 367.00 23.0 6.85 81 1554.2 9.1 3.1 0.02 0.47 0.119

















































1 02/26/92 08:25 11:00 2.58 2.58 24.0 6.23 74 74.0 0.8 28.8 0.00 0.00 0.010
2 02/26/92 11:00 13:15 2.25 4.83 24.0 6.54 23 97.0 0.8 10.2 0.01 0.01 0.113
3 02/28/92 13:15 13:25 0.17 5.00 24.0 6.80 42 139.0 1.1 252.0 0.00 0.01 0.000
4 02/26/92 13.25 16:30 3.08 8.08 24.5 8.59 125 264.0 2.1 40.5 0.00 0.01 0.001
5 I02/26/92 16:30 19:25 2.92 11.00 25.0 8.73 28 292.0 2.3 9.6 0.00 0.02 0.050
6 02/26/92 19:25 2305 3.67 14.67 25.0 8.80 17.8 309.8 2.5 7.6 0.01 0.03 0.198
7 02/27/92 23:05 07:00 7.92 22.58 24.0 8.98 27.5 337.3 2.7 2.2 002 0.05 0.245
8 02/27/92 07:00 11:00 400 28.58 24.0 8.82 29.5 368.8 2.9 8.9 0.02 0.07 0.220
9 02/27/92 11:00 15:00 4.00 30.58 24.0 6.92 14.5 381.3 3.0 7.4 0.01 0.08 0.209
10 I02/27/92 15:00 19:10 4.17 34.75 25.0 8.98 9.5 390.8 3.1 3.5 0.01 0.08 0.171
11 I02/27/92 19:10 22:55 3.75 38.50 25.0 7.64 24 414.8 3.3 2.5 0.01 0.09 0.142
12 I02/28/92 22:55 07:03 8.13 46.63 24.0 7.04 11 425.8 3.4 3.0 0.00 0.10 0.128
13 02/28/92 07:03 11:00 3.95 50.58 24.0 8.79 20.5 448.3 3.5 2.8 0.01 0.10 0.109
14 02/28/92 11:00 15:00 4.00 54.58 24.0 6.88 19 465.3 3.7 5.1 0.01 0.11 0.108
15 02/28/92 15:00 20:35 5.58 80.17 24.0 7.02 15 480.3 3.8 3.4 0.01 0.12 0.113
16 02/29/92 20:35 08:05 11.50 71.87 23.5 6.89 49 529.3 4.2 1.3 0.01 0.13 0.069
17 02/29/92 08:05 14:10 6.08 77.75 24.0 8.70 80 809.3 4.8 8.1 0.01 0.14 0.060
18 I02/29/92 14:10 17:55 3.75 81.50 24.5 8.72 48 857.3 5.2 21.3 0.01 0.15 0.079
19 02/29/92 17:55 00:00 6.08 87.58 24.5 8.66 18 875.3 5.4 7.9 0.00 0.18 0.079
20 I03/01/92 00:00 08:35 8.58 98.17 23.0 8.90 15 690.3 5.5 2.1 0.00 0.18 0.068
21 03/01/92 08:35 18:15 7.87 103.83 24.0 6.70 28 718.3 5.7 2.0 0.01 0.17 0.068
22 I03/01/92 16:15 23:00 6.75 110.58 24.0 6.80 26.3 744.8 5.9 4.1 0.01 0.17 0.073
23 I03/02/92 23:00 08:00 9.00 119.58 24.0 7.00 29 773.8 8.1 2.9 0.01 0.18 0.083
24 03/02/92 08:40 11:40 3.00 122.58 24.0 6.85 18 791.8 8.3 9.7 0,00 0.18 0.078
25 03/02/92 11:40 17:00 5.33 127.92 24.0 6.75 20 811.8 6.4 3.4 0.01 0.19 0.083
26 I03/02/92 17:00 20:00 3.00 130.92 24.0 8.92 8 819.8 6.5 6.7 0.00 0.19 0.082
27 03/02/92 20:00 22:50 283 133.75 24.0 6.66 12 831.6 8.6 2.5 0.00 0.19 0.080
28 03/03/92 22:50 07:05 8.25 142.00 23.0 6.80 40.5 872.1 6.9 1.5 0.01 0.20 0.076
29 I03/03/92 07:05 10:30 3.42 145.42 23.0 6.81 20.5 892.8 7.1 11.9 0.01 0.21 0.084
30 03/03/92 10:30 12,45 2.25 147.67 23.5 6.89 12.5 905.1 7.2 9.1 0.00 0.21 0.093




































32 03/03/92 15:45 18:55 3.17 153.83 25.0 6.75 14.5 937.1 7.4 5.5 0.00 0.22 0.098
33 03/03/92 18:55 23:05 4.17 158.00 25.0 6.90 11 948.1 7.5 3.5 0.00 0.23 0,096
34 03/04/92 23:05 07:05 8.00 166.00 24.0 6.85 17 965.1 7.7 1.4 0.01 0.23 0.095
35 03/04/92 07:05 10:55 3.83 169.83 24.0 6.61 26 991.1 7.9 4.4 0.01 0.24 0.093
36 03/04/92 10:55 13:20 2.42 172.25 24.0 6.80 5.5 996.6 7.9 10.8 0.00 0.24 0.134
37 03/04/92 13:20 16:55 3.58 175.83 24.0 6.60 18 1014.6 8.1 1.5 0.01 0.25 0.123
38 03/04/92 16:55 23:00 6.08 181.92 24.0 6.70 12.5 1027.1 8.2 3.0 0.01 0.25 0.153
39 03/05/92 23:00 08:10 9.17 191.08 23.5 6.50 13.5 1040.6 8.3 1.4 0.01 0.26 0.148
40 03/05/92 08:10 12:45 4.58 195.67 24.0 6.55 18 1058.6 8.4 2.9 0.01 0.27 0,098
41 03/05/92 12:45 18:40 5.92 201.58 24.0 6.55 29 1087.6 8.6 3.0 0.01 0.28 0.143
42 03/05/92 18:40 23:00 4.33 205.92 24.5 6.40 0 1087.6 8.6 6.7 0.00 0.28 0.137
43 03/06/92 23:00 08:10 9.17 215.08 23.0 6.25 64.5 1152.1 9.1 0.0 0.02 0.30 0.114
44 03/06/9208:10 16:40 8.50 223,58 24.0 6.15 27 1179.1 9.4 7.6 0.01 0.31 0.099
45 03/06/92 16:40 23:10 6.50 230.08 24.5 6.08 27.8 1206.9 9.6 4.2 0.01 0.32 0.082
46 03/07/9223:10 08:55 9.75 239.83 23.5 6.06 35.5 1242.4 9.9 2.9 0.01 0.33 0.096
47 03/07/9208:55 16:55 8.00 247.83 23.0 6.00 31 1273.4 10.1 4.4 0.01 0.34 0.102
48 03/07/92 16:55 23:10 6.25 254.08 22.5 6.04 25 1298.4 10.3 5.0 0.01 0.35 0.101
49 03/08/92 23:10 09:40 10.50 264.58 21.5 5.97 77 1375.4 10.9 2.4 0,02 0.37 0.084
50 03/08/9209:40 17:40 8.00 272.58 22.0 5.94 54 1429.4 11.3 9.6 0.00 0.37 0.000
51 03/08/92 17:40 23:20 5.50 278.08 22.0 5.94 35.5 1464.9 11.6 9.8 0.00 0.37 0.000
52 03/09/92 23:20 08:15 8.92 287.00 21.0 5.94 43 1507.9 12.0 4.0 0.00 0.37 0.000
53 03/09/92 08:15 17:10 8.92 295.92 23.0 6.02 60 1567.9 12.4 4.8 0.00 0.37 0,000
54 03/09/92 17:10 22:55 5.75 301.67 23.5 5.93 12 1579.9 12.5 10.4 0.00 0.37 0.000
55 03/10/92 22:55 12:45 13.83 315.50 22.0 5.93 50.5 1630.4 12.9 0.9 0.00 0.37 0.000
56 03/11/92 12:45 13:30 24.75 340.25 21.5 5.98 103 1733.4 13.8 2.0 0.00 0.37 0.000
57 03/12/92 13:30 12:35 23.08 363.33 22.0 5.93 94 1827.4 14.5 4.5 0.00 0.37 0.000
58 03/13/92 12:35 14:30 25.92 389.25 23.0 5.90 104 1931.4 15.3 3.6 0.00 0.37 0.000
Avg. Values 23.7 6.56 10.4EXPERIMENT - COLUMN CI-3U, Co = 451.1 mg Cr(VI)/kg
VARIABLES RESULTS
Elapsed Cumu. Sample Cumu. Flow Cr(VI)Cumu Cr(VI)Cr(VI) BromidePhosphateSulfate Nitrate
Samp. Start Stop Time Time Temp. Voi. Vol. Pore Rate RemovedRemovedRemovedEffluentEffluentDiluent Effluent
No. Date Time Time (hrs) (hrs) (C) pH (mL) (mL) Vol. (mL/hr) (mg/kg) (mg/kg) (ppm) (ppm) (ppm) (ppm) (ppm)
Shelby 23.5 30.0 30.0 181.82 33.458
top 23.5 30.0 30.0 99.93 14.157
middle 23.5 30.0 30.0 252.94 37.097
bottom 23.5 30.0 30.0 185.35 28.049
press1 04/11/92 0.00 0.00 21.0 7.23 20.0 20.0 0.1 1.80 1.80 52.501 2.961 0 5880.58 2494.98
press2 04/18/92 0.00 0.00 21.0 7.48 15.0 15.0 0.1 0.02 1.82 1.045 0.815 0 7.21 4.49
1 04/17/92 07:30 08:30 1.00 1.00 21.0 7.33 23.0 23.0 0.1 23.0 0.39 2.02 11.152 0 0 39.94 20.11
2 04/17/92 08:30 10:30 2.00 3.00 21.0 7.37 20.0 43.0 0.2 10.0 0.48 2.47 15.012 0 0 0.00 8.03
3 04/17/92 10:30 12:30 2.00 5.00 21.0 7.47 8.8 49.8 0.2 3.3 0.18 2.65 17.882 0 0 0.00 8.03
4 04/17/92 08:00 14:30 8.50 11.50 21.5 7.38 15.0 84.8 0.3 2.3 0.30 2.96 13.324 0 0.057 87.59 42.93
5 04/17/92 14:30 18:30 2.00 13.50 21.5 7.53 5.8 70.4 0.3 2.9 0.13 3.09 15.254 0 0 102.35 49.37
8 04/17/92 16:30 20:40 4.17 17.87 21.0 7.57 4.2 74.8 0.3 1.0 0.09 3.18 13.749 0 0 108.09 52.12
7 04/17/92 20:40 23:40 3.00 20.57 21.0 7.45 12.5 87.1 0.4 4.2 0.15 3.33 7.615 0 0 0.00 4.69
8 04/18/92 23:40 05:45 8.08 20.75 20.0 7.37 37.0 124.1 0.5 8.1 0.54 3.88 9.511 0 0 114.79 52.80
9 04/18/92 05:45 10:10 4.42 31.17 20.0 7.51 18.0 140.1 0.8 3.8 0.29 4.15 11.913 0 0 36.14 18.48
10 04/18/92 10:10 14:00 3.83 35.00 21.0 7.44 18.0 158.1 0.7 4.7 0.52 4.87 18.795 0 0 0.00 8.03
11 04/18/92 14:00 18:45 4,75 39.75 21.0 7.51 14.0 172.1 0.7 2.9 0.40 5.07 18.892 0 0 826.55 281.80
12 04/18/92 18:45 23:55 5.17 44.92 21.0 7.54 14.0 186.1 0.8 2.7 0.39 5.48 18.160 0 0 343.72 158.11
13 04/19/92 23:55 08:55 7.00 51.92 19.0 7.58 10.5 198.8 0.8 1.5 0.18 5.82 10.256 0 0 52.51 27.61
14 04/19/92 08:55 12:05 5,17 57.08 20.0 7.51 6.0 202.8 0.9 1.2 0.08 5.70 8.520 0 0 61.74 31.64
15 04/19/92 12:05 1800 5.92 63.00 22.0 7.8 120.0 322.6 1.4 20.3 2.99 8.89 16.360 0 0 232.09 109.37
16 04/19/92 18:00 23:20 8.00 71.00 21.5 7.65 31.5 354.1 1.5 3.9 0.87 9.56 18.058 0 0 351.28 181.41
17 04/20/92 23:20 06:55 7.58 78.58 20.5 7.70 14.0 388.1 1.5 1.8 0.31 9.87 14,725 0 0 522.15 236.01
18 04/20/92 06:55 15:30 8.58 87.17 22.0 7.42 51.5 419.8 1.8 8.0 2.29 12.17 29.212 0 0 389.89 178.28
19 04/20/92 15:30 23:15 5.00 83.58 22.0 7.41 80.0 397.1 1.7 18.0 3.28 13.15 26.897 0 0 365.15 167.46
20 04/21/92 23:15 07:00 7.75 91.33 24.0 7.55 29.0 422.1 1.8 3.7 1.47 14.62 33.191 0 0 956.98 432.55
21 04/21/92 07:00 15:00 8.00 99.33 21.0 7.47 25.0 434.1 1.8 3.1 1.39 16.01 38.441 0 0 978.17 440.94
22 04/21/92 15:00 23:00 8.00 107.33 20.0 760 12.0 442.1 1.9 1.5 0.78 18.79 42.475 0 0 863.48 391.73
23 04/22/92 23:00 07:10 8.17 115.50 200 7.70 8.0 499.1 2.1 1.0 0.38 17.18 30.887 0 0 965.85 436.43
24 04/22/92 07:10 16:30 9.33 124.83 19.0 7.47 57.0 533.1 2.2 6.1 3.90 21.07 44.928 0 99.634 570.50 283.90
25 04/22/92 16:30 22:50 6.33 131.17 19.0 7.42 34.0 542.1 2.3 5.4 2.26 23.32 43.555 0 17.383 484.32 248.27
















































27 04/23/9207:15 15:05 7.83 147.42 20.0 7,50 36.0 605.6 2.5 4.6 2.51 26.32 45.805 0 18.886519.55 261.65
28 04/23/9215:05 16:50 1.75 149.17 20.0 7.49 27.5 680.6 2.9 15.7 2.01 28.33 48.028 0 0 1217.77 566.51
29 04/23/92 16:50 23:20 6.50 155.67 21.0 7.42 75.0 755.6 3.2 11.5 5.33 33.66 46.598 0 0 210.40 126.67
30 04/24/9223:20 07:30 8.17 163.83 20.5 7.29 43.5 799.1 3.4 5.3 2.95 36.61 44.555 0 478.9061646.10 753.52
31 04/24/9207:30 17:30 10.00 173.83 19.0 7.46 140.0 939.1 3.9 14.0 8.65 45.27 40.549 0 33.8571238.78 575.68
32 04/25/9217:30 07:25 13.92 187.75 21.0 7.40 300.0 1239.1 5.2 21.6 11.55 56.82 25.271 0 8.135 1038.52 488.24
33 04/25/9207:25 15:05 7.67 195.42 21.0 7.35 240.0 1479.1 6.2 31.3 7.47 64.29 20.422 0 0 0.00 0.00
34 04/25/9215:05 22:55 7.83 203.25 25.0 7.58 49.0 1528.1 6.4 6.3 3.53 67.82 47.269 0 0 0.00 0.00
35 04/26/92 22:55 07:45 8.83 212.08 22.0 7.56 33.0 1561.1 6.6 3.7 3.23 71.06 64.316 0 3.115 0.00 0.00
36 04/26/9207:45 14:00 6.25 218.33 23.0 7.63 78.5 1639.6 6.9 12.6 8.21 79.27 68.622 0 32.128 0.00 0.00
37 04/26/9214:00 23:00 9.00 227.33 24.0 7.51 76.0 1715.6 7.2 8.4 7.51 86.77 64.818 0 10.253 0.00 0.00
38 04/27/9223:00 07:40 8.67 236.00 24.0 7.51 63.5 1779.1 7.5 7.3 7.57 94.35 78.230 0 16.398 0.00 0.00
39 04/27/9207:40 14:40 7.00 243.00 25.0 7.52 71.0 1850.1 7.8 10.1 8.45 102.80 78,095 0 18.001 0.00 0.00
40 04/27/92 14. 40 23100 8.33 251.33 26.0 7.34 52.0 1902.1 8.0 6.2 6.25 109.05 78.851 0 33.989 0.00 0.00
41 04/28/9223:00 08:05 9.08 260.42 25.0 7.41 31.5 1933.6 8.1 3.5 4.28 113.33 89.200 0 11.563 0.00 0.00
42 04/28/9208:05 14:50 6.75 267.17 26.0 7.56 18.5 1952.1 8.2 2.7 2.59 115.92 91.956 0 0 0.00 0.00
43 04/28/9214:50 22:05 7.25 274.42 26.0 7.65 10.0 1962.1 8.2 1.4 1,40 117.32 91.590 0 0 0.00 0.00
44 04/29/9222:05 16:30 18.42 292.83 25.0 7.33 108.0 2070.1 8.7 5.9 11.53 128.85 70.034 0 12.820 0.00 0.00
45 04/29/92 16:30 22:50 6.33 299 17 24.0 7.74 11.0 2081.1 8.7 1.7 0.92 129.77 54.956 0 22.966 0.00 0.00
46 04/30/9222:50 08:00 9.17 308.33 22.0 7.20 130.0 2211.1 9.3 14.2 9.53 139.30 48.097 0 18.283 0.00 0.00
47 04/30/9208:00 19:15 11.25 319.58 23.5 7.45 48.5 2259.6 9.5 4.3 5.33 144.63 72.109 0 34.4701593.76 730.67
48 05/01/9219:15 07:15 12.00331.58 19.5 7.88 26.0 2285.6 9.6 2.2 3.24 147.87 81.714 0 3.866 0.00 0.00
49 05/01/9207:15 10:35 3.33 334.92 20.0 7.45 79.0 2364.6 9.9 23.7 3.96 151.82 32.8525.856 0 0.00 0.00
50 05/01/92 10:35 11:00 0.42 335.33 20.0 7.46 38.0 2402.6 10.1 91.2 1.74 153,56 30.055 7.066 0 0.00 0.00
51 05/01/92 11:00 12:30 1.50 336.83 20.0 7.46 25.5 2428.1 10.2 17.0 1.24 154.81 31.991 7.095 12.336 0.00 0.00
52 05/01/9212:30 16:30 4.00 340.83 23.0 7.43 33.5 2461.6 10.3 8.4 2.59 157.40 50.715 4.231 2.687 0.00 0.00
53 05/01/92 16:30 17:00 0.50 341.33 23.0 7.56 20.0 2481.6 10.4 40.0 0.89 158.29 29.315 7,228 2.007 0.00 0.00
54 05/01/92 17:00 20:10 3.17 344.50 23.0 7.33 53.0 2534.6 10.6 16.7 3.83 162.12 47.3625.547 2.939 0.00 0.00
55 05/01/92 20:10 23:55 3.75 348.25 22.0 7.54 11.0 2545.6 10.7 2.9 0.85 162.96 50.6624.476 2.653 0.00 0.00










































57 05/02/92 05:45 10:00 4.25 358.33 20.0 7.31 86.5 2641.1 11.1 20.4 5.73 169.59 43.491 6.144 3.554 0.00 0.00
58 05/02/92 10:00 13:00 3.00 361.33 23.0 7.45 31.0 2672.1 11.2 10.3 1.65 171.24 35.022 6.115 3.901 0.00 0.00
59 05/02/92 13:00 16:30 3.50 364.83 23.0 7.51 114.0 2786.1 11.7 32.6 3.84 175.08 22.078 7.556 4.885 0.00 0.00
60 05/02/92 16:30 19:50 3.33 368.17 24.0 7.55 39.0 2825.1 11.9 11.7 1.52 176.60 25.638 2.172 4.370 0.00 0.00
61 05/02/92 19:50 23:50 4.00 372.17 23.0 7.73 12.0 2837.1 11.9 3.0 1.12 177.72 61.130 5.757 2.267 0.00 0.00
62 05/03/92 23:50 05:45 5.92 378.08 22.5 7.20 120.0 2957.1 12.4 20.3 9.43 187.15 51.585 5.942 1.821 106.95 61.42
63 05/03/92 05:45 10:00 4.25 382.33 24.0 7.48 33.5 2990.6 12.6 7.9 1.92 189.08 37.686 6.832 2.774 0.00 0.00
64 05/03/92 10:00 14:10 4.17 386.50 24.0 7.22 85.0 3075.8 12.9 20.4 5.12 194.20 39.497 5.514 3.266 0.00 0.00
65 05/03/92 14:10 18:30 4.33 390.83 26.5 7.21 55.0 3130.6 13.2 12.7 4.37 198.57 52.179 4.402 3.669 0.00 0.00
66 05/03/92 18:30 23:45 5.25 396.08 26.0 7.32 43.0 3173.6 13.3 8.2 3.86 202.43 58.938 3.360 0 0.00 0.00
67 05/04/92 23:45 06:50 7.08 403.17 24.0 7,89 15.0 3188.6 13.4 2.1 1.75 204.19 76.755 3.161 3.372 0.00 0.00
68 05/04/92 06:50 10:20 3.50 406.67 24.0 7.41 21.5 3210.1 13,5 6.1 1.89 206.08 57.655 1.302 0 0.00 0.00
69 05/04/92 10:20 13:30 3.17 409.83 25.5 7.33 53.0 3263.1 13.7 16.7 3.49 209.56 43.153 0 0 45.90 34.77
70 05/04/92 13:30 14:45 1.25 411.08 27.5 7.58 50.0 3313.1 13.9 40.0 2.21 211.78 29.036 0.804 0 0.00 14.73
71 05/04/92 14:45 16:30 1.75 412.83 27.5 7.46 29.0 3342.1 14.0 16.6 1.77 213.55 40.076 0.882 0 0.00 0.00
72 05/04/92 16:30 19:45 3.25 416.08 28.0 7.63 70.0 3412.1 14.3 21.5 3.81 217.36 35.757 0.874 2.925 0.00 0.00
73 05/05/92 19:45 00:02 4.28 420.37 27.0 7.27 27.0 3439.1 14.5 6.3 1.47 218.83 35.612 0 2.805 0.00 0.00
74 05/05/92 00:02 07:35 7.55 427.92 26.0 7.69 61.0 3500.1 14.7 8.1 3.47 222.30 37.364 0.896 8.936 0.00 0.00
75 05/05/92 07:35 10:40 3.08 431.00 26.0 7.44 112.0 3612.1 15.2 36.3 4.71 227.01 27.586 0 5.413 0.00 0.00
76 05/05/92 10:40 16:30 5.83 436.83 28.0 7.62 83.0 3695.1 15.5 14.2 4.61 231.62 36.410 0 0 0.00 0.00
77 05/05/92 16:30 19:30 3.00 439.83 29.0 7.53 121.5 3816.6 16.0 40.5 4.45 236.06 24.009 0 0 0.00 0.00
78 05/06/92 19:30 14:30 19.00 458.83 26.0 7.43 213.0 4029.6 16 9 11.2 10.12 246.18 31.164 0 0 0.00 0.00
79 05/07/92 14:30 16:55 2.42 461,25 25.0 7.58 120.0 4149.6 17.4 49.7 12.03 258.21 65.787 0 10.384 0.00 0.00
80 05/09/92 16:55 10:10 41.25 502.50 20.0 7.48 136.0 4285.6 18.0 3.3 13.47 271.69 65.000 0 9.410 0.00 0.00





























































































04/11/92 0.00 0.00 21.0 8.98 10.0 10.0 0.1 20.8 20.8 1023.2 0.0 2.5 114.8 12.8
04/18/92 0.00 0.00 21.0 7.07 10.0 28.0 0.2 16.4 37.2 502.6
04/17/9207:30 08:30 1.00 1.00 21.0 7.05 29.4 55.4 0.3 29.4 18.8 5e.0 314.1 09 17.9 413.4 35.8
04/17/9208:30 10:30 2.00 3.00 21.0 7.09 23.0 78,4 0.5 11.5 17.9 73.9 382.9 0.8 2.5 104.0 48.3
04/17/92 10:30 12:30 2.00 5.00 21.0 7.19 15.0 93.4 0.6 7.5 12.9 88.7 421.2 0.8 28.5 35.0 31.8
04/17/9208:00 14:30 8.50 11.50 21.5 7.22 4.0 97.4 0.8 0.6 3.9 90.6 478.9 0.8 2.5 49.8 8.3
04/17/92 14:30 16:30 2.00 13.50 21.5 7.11 13.0 110.4 0.7 6.5 12.5 103.2 474.4 0.8 2.5 38.1 28,4
04/17/92 16:30 20:40 4.17 17.87 21.0 7.12 13.2 123.8 0.8 3.2 14.3 117.4 532.1 0.8 24.1 37.3 12.2
04/17/92 20:40 23:40 3.00 20.87 21.0 7,13 10.2 133.8 0.8 3.4 11.7 129.2 566.2 0.8 21.3 38.1 92.3
04/18/92 23:40 05:45 6.08 26.75 20.0 7.17 10.6 144.4 0.9 1.7 12.5 141.7 579.9 0.8 16.0 39.5 31.9
04/18/9205:45 10:10 4.42 31.17 20.0 7.28 5.4 149.8 0.9 1.2 8.3 148.0 578.5 0.8 2.5 38.8 27,2
04/18/92 10:10 14:00 3.83 35.00 21.0 7.27 8.0 155.8 0.9 1.8 3.3 151.3 268.0 0.8 2.5 34.1 18.9
04/18/92 14:00 14:10 0.17 35.17 21.0 7.12 16.0 171.8 1.0 96.0 8.8 160.1 270.3 0.8 2.5 41.8 13.5
04/18/92 14:10 18:45 4.58 39.75 21.0 7.18 15.0 188.8 1.1 3.3 7.2 167.3 235.1 0.8 27521.515319.816771.7
04/18/92 18:45 23:55 5.17 44.92 21.0 7.24 8.0 194.8 1.2 1.5 7.5 174.7 459.8 0.8 23896.212500.010710.3
04/19/9223:55 06:55 7.00 51.92 19.0 7.21 7.0 201.8 1.2 1.0 7.5 182.2 525.3 0.8 3448.413812.07568.2
04/19/9206:55 12:05 5.17 57 08 20.0 7.24 5.0 206.8 1.3 1.0 1.7 183.9 165.0 0.8 335.2 651.1 1166.8
04/19/92 12:05 18:00 5.92 63.00 22.0 7.17 100.0 308.8 1.9 18.9 15.1 199.0 74.2 0.8 0.0 229.8 142.9
04/19/92 18:00 23:20 8.00 71.00 21.5 7.28 34.0 340.8 2.1 4.3 17.3 216.3 250.3 0.8 1494.83223.6 288.0
04/20/9223:20 06:55 7.58 78.58 20.5 7.29 15.0 355.8 2.2 2.0 5.9 222.2 194.6 0.8 2352.14250.92312.8
04/20/9206:55 15:30 8.58 87.17 22.0 7.20 68.0 423.8 2.6 7.9 16.0 238.3 115.9 0.8 0.0 295.517565.8
04/20/92 15:30 23:15 7.75 94.92 22.0 7.22 75.0 498.8 3.0 9.7 34.5 272.8 226.4 0.8 251.4 575,8 189.1
04/21/9223:15 07:00 7.75 102.67 24.0 7.36 21.0 519.8 3.2 2.7 7.3 280.1 171.0 0.8 190.1 492.2 108.3
04/21/9207:00 15:00 8.00 110.87 21.0 7.28 49.0 568.8 3.5 8.1 9.2 289.3 92.0 0.8 0.0 302.5 90,0
04/21/92 15:00 23:00 8.00 118.67 20.0 7.36 15.0 583.8 3.8 1.9 9.3 298.6 304.7 0.8 84.4 4501.22337.8
04/22/9223:00 18:30 17.50 136.17 19.0 7.28 65.0 648.8 3.9 3.7 16.2 314.8 122.9 0.8 341.5 394.9 160.0
04/22/92 16:30 22:50 8.33 142.50 19.0 7.21 72.0 720.8 4.4 11.4 11.5 326.4 78.9 0.8 258.0 241.7 42.6
04/23/92 22:50 07:15 8.42 150.92 18.0 7.56 8.5 729.3 4.4 1.0 4.4 330.7 253.0 0.8 0.0 863.1 148.5
04/23/92 07:15 15:05 7.83 158.75 20.0 7.36 90.0 819.3 5.0 11.5 21.2 351.9 115.6 0.8 0.0 0.1 87.0
04/23/92 15:05 16:50 1.75 160.50 20.0 7.34 38.0 857.3 5.2 21.7 3.8 355.8 49.7 0.8 925.3 210.8 22.3
04/23/92 16:50 23:20 6.50 167.00 21.0 7.24 63.0 920.3 5.6 9.7 10.9 368.7 85.3 0.8 190.8 184.8 88.6


















































31 04/24/92 07:30 17:30 10.00 185.17 19.0 7.40 93.0 1068.3 6.5 9.3 15.4 396.2 81.8 0.8 0.0 0.1 4523.1
32 04/25/92 17:30 07:25 13.92 199.08 21.0 7.47 112.0 1178.3 7.2 5.0 13.6 409.9 59.9 0.8 00 5690.4 8643.7
33 04/25/92 07:25 15:05 7.87 206.75 21.0 7.35 215.0 1393.3 8.5 280 12.0 421.9 27.5 0.8 37.3 340.1 1.3
34 04/25/92 15:05 22.55 7.83 214.58 25.0 7.49 48.0 1441.3 85 8.1 5.8 427.7 59,3 0.8 0.0 8354.5 7298.5
35 04/26/92 22:55 07:45 8.83 223.42 22.0 7.74 33.8 1475.1 9.0 3.8 6.7 434.4 97.9 0.8 0.0 151.2 88.3
36 04/26/92 07:45 14:00 6.25 229.87 23.0 7.45 104.0 1579.1 9.6 18.8 7.3 441.7 34.8 0.8 0.0 0.1 22.9
37 04/28/92 14.00 23:00 9.00 238.67 24.0 7.40 78.0 1657.1 10.1 8.7 6.1 447.8 38.3 0.8 164.4 78.5 15.1
38 04/27/92 23:00 07:40 8.67 247,33 24.0 7.64 89.0 1726.1 10.5 8.0 7.2 455.1 51.5 0.8 0.0 85.8 31.0
39 04/27/92 07:40 14:40 7.00 254.33 25.0 7.48 76.5 1802.8 11.0 10.9 6.0 481.1 38.5 0.8 0.0 83.1 42.8
40 04/27/92 14:40 23:00 8.33 282.67 26.0 7.32 53.0 185511 11.3 0.4 5.3 488.3 49.1 0.8 0.0 85.6 18.8
41 04/28/92 23:00 08:05 9.08 271.75 25.0 7,49 33.0 1888.6 11.5 3.0 6.0 472.4 89.7 0.8 0.0 139.9 14.9
42 04/28/92 08:05 14:50 8.75 278.50 28.0 7.31 140.0 2028.6 12.3 20.7 8.1 478.5 21.4 0.8 0.0 0.1 22.3
43 04/28/92 14:50 22:05 7.25 285.75 280 7.29 70.0 2098.6 12.8 9.7 3,2 481.7 22.7 0.8 0.0 135.4 5.1
44 04/29/92 22:05 07:45 9.87 295.42 25.0 7.28 110.0 2208.6 13.4 11.4 6.8 488.5 30.3 0.8 0.0 19.2 10.0
45 04/29/92 07:45 18:30 8.75 304.17 25.0 7.40 127.0 2335.6 14.2 14.5 5.5 494.0 21.4 0.8 18.8 185.9 10.0
48 04/29/92 18:30 22:50 8.33 310,50 24.0 7.38 8.0 2343.0 14.3 1.3 0.2 494.2 11.4 0.8 11.4 44.4 45.0
47 04/30/92 22:50 08:00 9.17 319.87 22.0 7.30 150.0 2493.0 15.2 10.4 35 497.7 11.4 0.8 1.1 38.1 9.1
48 04/30/92 08:00 19:15 11.25 330.92 23.5 7.48 131.5 2825.1 16.0 11.7 4.4 502.0 18.3 0.8 0.3 20.9 4.2
49 05/01/92 19:15 07:15 12.00 342.92 19.5 8.04 31.0 2656.1 18.2 2.13 2.9 504.9 48.4 0.8 3.8 83.7 1.3
50 05/01/92 07:15 10:35 3.33 348.25 20.0 7.81 13.0 2689.1 18.2 3.9 1.4 506.4 53.2 0.8 0.0 135.2 1.3
51 05/01/92 10:35 11:00 0.42 348.67 20.0 7.42 27.0 2698.1 16.4 64.8 1.2 507,6 22.5 0.8 0,0 183.9 1.3
52 05/01/92 11:00 12:30 1.50 348.17 20.0 7.47 28.0 2722.1 18.6 17.3 0.7 508.3 14.0 34.7 0.0 183.0 4.3
53 05/01/92 12:30 16:30 4.00 352.17 23.0 7.53 31.0 2753.1 18.7 7.8 1.4 509.7 21.5 16.6 0.0 199.6 8.2
54 I05/01/92 18:30 20:10 3.87 355.83 23.0 7.40 29.5 2782.6 18.9 8.0 1.4 511.1 22.9 127.1 0.0 181.9 1794,9
55 I05/01/92 20:10 23:55 3.75 359.58 22.0 7.51 10.0 2792.6 17.0 2.7 0.4 511.5 19.9 29.5 0.0 108.9 199.8
56 I05/02/92 23:55 05:45 5.83 365.42 21.0 7.88 9.0 2801.6 17.0 1.5 0.9 512.3 48.0 8.2 0.0 100.3 10.0
57 05/02/92 05:45 10:00 4.25 369.67 20.0 7.61 21.0 2822.8 17.2 4,9 1.8 513.9 37.2 5.8 7.7 115.8 17.8
58 05/02/92 10.00 13:00 3.00 372.87 23.0 7.32 74.0 2898.8 17.8 24.7 1.7 515.7 11.5 8.3 0.0 284.6 5.7
59 05/02/92 13:00 16:30 3.50 378.17 230 7.39 65.0 2981.8 18.0 18.8 1.5 517.2 11.5 11.0 0.0 196.6 14.9
60 05/02/92 16:30 19:50 3.33 379.50 24.0 7.48 34.0 2995.6 18.2 10.2 1.4 518.5 19.8 10.4 0.0 51.7 7.3
61 05/02/92 19:50 23:50 4.00 383.50 23 0 7.85 29.0 3024.8 18.4 7.3 1.5 520.0 25.4 10.8 0.0 49.9 11.9
62 105(03(92 23:50 05:45 5.92 359,42 22.5 7.54 35.0 3059.6 18.8 5.9 2.6 522.7 38.8 9.5 0.0 105.7 2.4

































64 05/03/9210:00 14:10 4.17 397.83 24.0 7.38 75.0 3274.6 19.9 18.0 1.2 525.4 7.7 6,4 0.0 60.5
65 05/03/9214:10 18:30 4.33 402.17 26.5 7.45 61.0 3335.6 20.3 14.1 1.3 526.7 10.1 10.9 0.0 8.9
66 05/03/9218:30 23:45 5.25 407.42 26.0 7.38 54.0 3389.6 20.6 10.3 1.4 528.0 12.4 11.0 0.0 14.3
67 05/04/9223:45 06:50 7.08 414.50 24.0 7.90 24.0 3413.6 20.8 3.4 1.4 529.4 28.8 11.3 0.0 20.8
68 05/04/9206:50 10:20 3.50 418.00 24.0 7.45 40.0 3453.6 21.0 11.4 1.4 530.8 17.3 9.9 0.0 52.1
69 05/04/9210:20 13:30 3.17 421.17 25.5 7.42 33.0 3486.6 21.2 10.4 0.7 531.5 10.1 4.9 0.2 30.7
70 05/04/9213:30 14:45 1.25 422.42 27.5 7.45 97.0 3583.6 21.8 77.6 1.1 532.6 5.8 3.0 0.0 19.3
71 05/04/9214:45 16'30 1.75 424.17 27.5 7.76 116.0 3699.6 22.5 66.3 0.7 533.4 3.0 1.7 0.7 18.3
72 05/04/9216:30 19:45 3.25 427.42 28.0 7.45 200.0 3899.6 23.7 61.5 1.2 534.6 3.0 1.1 0.1 6.9
73 05/05/9219:45 00:02 4.28 431.70 27.0 7.20 186.0 4085.6 24.8 43.4 1.3 535.8 3.3 1.1 0.0 0.3
74 05/05/9200.02 07:35 7.55 439.25 26.0 7.46 275.04360.6 26.5 36.4 2.6 538,5 4.7 1.1 0.0 0.7
Avg. Value s 22.5 7.37 14.2EXPERIMENT - COLUMN PO4-1U Co = 1812.5 mg Cr(VI)/kg
VARIABLES RESULTS
I ElapsedCumu. Sample Cumu. Flow Cr(VI) Cumu Cr(VI) Cr(VI) BromidePhosphate Sulfate Nitrate
Samp. I Start Stop Time Time Temp. Vol. Vol. Pore RateRemovedRemovedRemovedEffluent Effluent Effluent Effluent
No. I Date Time Time (hrs) (hrs) (C) pH (mL) (mL) Vol. (mUhr) (mg/kg) (mg/kg) (ppm) (ppm) (ppm) (ppm) (ppm)
Shelby I 23.5 30.0 30.0 938.15 112.89 116.60 0.00 59886.17 1824.80
top I 23.5 30.0 30.0 2210.99 266.79 0.00 0.00 29.22 409.66
middle I 73.5 30.0 30.0 1000.02 122.34 0.00 174794.72 882.14 34.84
bottom I 23.5 30.0 30.0 855.87 81.33 0.00 192926.57 1021.29 34.84
pressl I04/11/92 21.0 7.23 5.0 5.0 0.0 17.75 17.75 1283.56 0.00 1841752.41 14188.10 45134.24
1 I05/05/92 00:02 08:00 7.97 7.97 28.0 7.40 22.0 27.0 0.2 2.8 118.08 135.81 1940.20 0.00 86379.55 1885527.06 246787.58
2 I05/05/92 08:00 10:00 2.00 9.97 26.0 6.45 70.0 97.0 0.7 35.0 83.74 199.55 329.23 0.00 58888.58 108873.48 78752.14
3 I05/05/92 10:00 11:55 1.92 11.88 26.0 6.38 32.0 129.0 0.9 18.7 23.57 223.12 266.28 0.00 46037.00 35778.82 33822.30
4 I05/05/92 08:00 13:40 5.87 17.55 28.0 6.37 29.0 158.0 1.1 5.1 18.72 241.64 233.34 0.00 123982.09 105503.74 89602.24
5 I05/05/92 13:40 16:30 2.83 20.38 28.0 8.28 81.0 219.0 1.5 21.5 27.78 289.60 184.54 0.00 74944.71 95554.72 49028.44
6 I05/05/92 18:30 19:30 3.00 23.38 29.0 6.28 50.0 2690 1.8 16.7 25.14 294.73 181.76 0.00 109261.53 55817.84 35840.89
7 I05/06/92 19:30 08:00 12.50 35.88 250 8.38 34.0 3030 2.1 2.7 21.04 315.77 223.70 0.00 30818.10 11482.79 10778.90
8 I05/06/92 08:00 10:45 2.75 38.63 25.5 8.28 27.0 330.0 2.2 9.8 18.04 333.81 241.60 0.00 21112.04 1423.13 7230.38
9 I05/06/92 10:45 13:00 2.25 40.88 28.0 8.32 102.0 432.0 2.9 45.3 85.79 419.60 304.08 0.00 115575.31 17349.18 12924.81
10 I05/08/92 13:00 14:30 1.50 42,38 27.0 6.15 87.0 499.0 3.4 44.7 24.27 443.88 130.94 0.00 18318.27 1095.81 1905.56
11 I05/08/92 14:30 18:40 2.17 44,55 28.5 6.15 18.5 515.5 3.5 7.8 8.59 450.46 144.49 0.00 18318.27 2745.19 1905.56
12 I05/08/92 18:40 19:50 3.17 47.72 25.0 6.23 10.0 525.5 3.8 3.2 4.03 454.48 145.55 0.00 15378.07 2963.42 2054.31
13 I05/07/92 19:50 23:25 3.58 51.30 24.5 8.31 79.0 804.5 4.1 22.0 47.80 502.08 217.84 0.00 14240.87 3080.39 2298.17
14 I05/07/92 23:25 1655 18.50 67.80 25.0 8.14 81.3 685.8 4.7 4.9 21.49 523.57 95.55 0.00 13027.12 2217.81 0.00
Avg. Values: 25.4 8.42 17.03 8 8 '2 8 8 8 8 0 O 0 0, 0
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30 08/29/92 07:20 12:40 5.00 173.00 21.5 5.74 51.5 1773.0 8.9 0.17 0.3686385 7.78 5.170
31 06/29/92 12:40 1740 5.33 178.33 22.5 5.52 85.0 1858.0 9.3 0.27 0.6268789 8.41 5.327 2.99 12.80 0.00 0.00
32 06/29/92 17:40 23:00 8.50 186.83 22.0 5.77 42.0 1900.0 9.5 0.08 0.3145803 8.72 5.410
33 06/30/92 23:00 07:30 5.00 191.83 21.5 8.01 51.0 1951.0 9.8 0.17 0.3827885 9.11 5.421
34 06/30/92 07:30 12:30 5.12 196.95 22.0 5.85 71.5 2022.5 10.1 0.23 0.5479404 9.85 5.535
35 06/30/92 1220 17:37 5.55 202.50 23.0 5.70 30.0 2052.5 10.3 0.09 0.2392521 9.89 5.780
36 06/30/92 17:37 23:10 8.75 211.25 23.0 5.94 34.5 2087.0 10.4 0.07 0.274881 10.17 5.755 3.00 12.40 0.00 020
37 07/01(92 23:10 07:55 4.75 218.00 21.0 5.89 52.5 2139.5 10.7 0.18 0.4276488 10.80 5.888
38 07/01/92 07:55 12,40 4.42 220.41 22.5 581 89.0 2228.5 11.1 0.34 0.7847059 11.36 8.208
39 07/01/92 12:40 17:05 5.92 228.33 24.0 5.89 50.0 2278.5 11.4 0.14 0.4503362 11.81 6.508
40 07/01/92 17:05 23:00 6.08 232.41 23.5 5.68 41.0 2319.5 11.6 0.11 0.3358386 12.15 5.916
41 07/02/92 23:00 07:45 8.75 241.18 22.0 6.48 84.0 2383.5 119 0.12 0.5358581 12.68 8.048 2.95 12.45 0.00 0.00
42 07(02)92 07:45 14:10 6.42 247.58 23.5 5.59 88.0 2471.5 12.4 0.23 0.7513592 13.43 6.167
43 07/02/92 14:10 22:45 8.58 258.18 23.0 5.83 74.0 2545.5 12.7 0.14 0.8567243 14.09 6.410
44 07/03/92 22:45 10:15 11.50 287.68 22.0 8.08 60.0 2805.5 13.0 0.09 0.5364233 14.63 6.458
45 07/04/92 10:15 00:40 14.42 292.08 24.5 8.38 79.0 2684.5 13.4 0.09 0.7128117 15.34 6.517
46 07/04/92 00:40 10:55 10.25 292.33 22.5 8.03 39.0 2723.5 13.8 0.06 0.3705425 15.71 8.863 2.83 12.38 0.00 0.00
47 07/04/92 10:55 22:50 11.92 304.25 22.8 8.01 540 2777.5 13.9 0.08 0.511049 16.22 8.838
48 07/05/92 22:50 11:40 12.83 317.08 21.0 6.02 51.0 2828.5 14.1 0.07 0.4829789 16.71 8.840
49 07/05/92 1140 23:15 11.58 328.88 22.8 820 53.0 2881.5 14.4 0.08 0.5081235 17.21 6.925
50 07/08/92 23:15 10:10 10.92 339.58 21.0 6.03 53.5 2935.0 14.7 0.08 0.5208983 17.73 7.033
51 07/06/92 10:10 22:15 12.08 351.88 23.0 5.95 63.5 2998.5 15.0 0.09 0.6170998 18.35 7.019 5.03 13.53 0.00 0.00
52 07/07/92 22:15 08:55 10.67 382.33 21.0 8.05 52.0 3050.5 15.3 0.08 0.5105704 18.86 7.092
53 07/07/92 08:55 22:10 13.25 375.58 23.0 5.98 75.0 3125.5 15.6 0.09 0.6483772 19.51 6.244
54 07/08/92 22:10 10:45 12.58 388.18 21.0 8.03 59.5 3185.0 15.9 0.08 0.5217198 20.03 6.333
55 07/08/92 1045 22:10 11.42 399.58 23.5 8.00 55.0 3240.0 16.2 008 0.4745026 20.51 8.232
56 07/09/92 22:10 11:00 12.83 412.41 22.0 8.05 57.0 3297.0 16.5 0.07 0.5057355 21.01 8.409 5.19 13.51 0.00 0.00
57 07/09/92 11:00 22:00 11.00 423.41 24.5 6.00 64.0 3381.0 18.8 0.10 0.5710707 21.58 6.445
58 07/10/92 22:00 09:30 11.50 434.91 22.0 6.08 51.0 3412.0 17.1 0.07 0.4773913 22.08 6.761
59 07/10/92 09:30 21:00 11.50 448.41 24.5 6.03 58.0 34680 17.3 0.08 0.5228665 22.58 6.744
60 07/11/92 21:00 10:10 13.17 459.58 22.0 8.04 58.0 3528.0 17.8 0.07 0.5258545 23.11 6.549
61 07(11(92 10:10 22:10 12.00 471.58 24.0 607 535 3579.5 17.9 0.07 0.493695 23.80 8.685 528 13.29 0.00 020
62 07/12/92 22:10 11:10 13.00 484.56 22.5 6.10 620 3641.5 18.2 0.08 0.5771944 24.18 6.724
63 07/12/92 11:10 22:10 11.00 495.58 24.0 8.05 58.0 3697.5 18.5 0.08 0.5320779 24.71 6.883
64 07/13/92 22:10 11:05 12.92 508.50 22.0 8.05 60.0 3757.5 18.8 0.08 0.5820511 25.27 8.766
65 07/13/92 11:05 23:20 12.25 520.75 24.0 8.01 67.0 3824.5 19.1 0.09 0.8337374 25.91 8.832















































66 07/14/92 23:20 10:25 11.08 531.83 220 8.08 47.0 3871.5 19.4 0.07 0.4504187 26.38 6.922 2.66 13.52 0.00 0.00
67 07/14/92 10:25 22:05 11.67 543.50 23.5 6.12 74.0 3945.5 19.7 0.11 0.6917748 27.05 6.752
88 07/15/92 22:05 09:15 11.17 554.88 22.0 8.14 55.0 4000.5 20.0 0.08 0.5261235 27.58 8.936
69 07/15/92 09:15 17:45 8.50 583.18 25.5 6.17 38.0 4038.5 20.2 0.07 0.3441948 27.92 8.542
70 07/16/92 17:45 17:05 23.33 586.50 26.5 6.32 90.0 4128.5 20.8 0.06 0.8487092 28.77 6.811
71 07/17/92 17:05 15:35 22.50 609.00 27.0 6.31 94.0 4222.5 21.1 0.07 0,8991687 29.67 8.909
72 07/18/92 15:35 18:30 24.92 633.91 25.0 8.34 124.0 4348.5 21.7 0.08 1.2282979 30.90 7.143 2.75 13.14 0.00 0.00
73 07/19/92 18:30 18:30 24.00 657.91 23.0 6.41 99.0 4445.5 22.2 0.07 0.9832218 31.88 7.028
74 07/20/92 16:30 16:15 23.75 881.88 23.0 6.30 107.0 4552.5 22.8 0.08 1.0410579 32.90 7.028
75 07/21/92 18:15 15:25 23.17 704.83 23.0 6.39 97.0 4649.5 23.2 0.07 0.9105709 33.81 8.780
76 07/22/92 15:25 10:10 18.75 723.58 22.5 6.40 83.5 4733.0 23.7 0.07 0.8750915 34.49 5.840 2.71 13.40 000 0.00
77 07/22/92 12:05 14:15 2.17 725.75 23.0 8.88 242.0 4975.0 24.9 1.88 0.6782719 35.17 2.024 2.62 10.17 0.00 0.00
78 07/22/92 14:15 18:00 3.75 729.50 22.0 7.22 18.0 4991.0 250 0.07 0.0822023 35.25 3.711 2.67 11.16 0.00 0.00
79 07/23/92 18:00 07:30 13.50 743.00 21.0 8.34 103.0 5094.0 25.5 0.13 0.7185629 35.98 5.025 2.72 12.70 0.00 0.00
80 07/23/92 07:30 12:50 5.33 748.33 21.0 6.33 38.0 5130.0 25.7 0.11 0.2277029 36.19 4.569 2.49 12.53 0.00 0.00
81 07/23/92 12:50 17:00 4.17 752.50 22.0 8.54 21.0 5151.0 25.8 0.08 0.130797 38.32 4.499 2.49 12.29 0.00 0.00
82 07/23/92 17:00 22.25 5.42 757.91 22.0 6.51 22.0 5173.0 25.9 0.07 0.1341463 38.48 4.404 2.84 12.15 0.00 0.00
83 07/24/92 22:25 07:30 9.08 767.00 20.5 8.42 43.0 5216.0 26.1 0.08 0.251934 38.71 4.232 2.69 12.14 0.00 0.00
84 07/24/92 22:25 15:25 17.00 784.00 22.0 8.34 33.5 5249.5 28.2 0.03 0.1953792 38.90 4.213 2.88 12.13 0.00 0.00
85 07/24/92 15:25 22:20 8.92 790.91 23.5 8.29 34.0 5283.5 26.4 0.08 0.1955093 37.10 4.153 2.64 12.07 0.00 0.00
86 07/25/92 22:20 08:25 10,08 801.00 21.0 8.55 35.0 5318.5 26.8 0.08 0.1988432 37.30 4.104 2.68 11.87 0.00 0.00
87 07/25/92 08:25 21:00 12.58 813.58 24.0 6.39 80.0 5398.5 27.0 0.11 0.4504408 37.75 4.087 2.61 11.63 0.00 0.00
86 07/26/92 21:00 17:00 20.00 833.58 24.0 6.38 104.0 5502.5 27.5 0.09 0.5396841 38.29 3.748 2.49 11.87 0.00 0.00
89 07/27/92 17:00 16:00 23.00 858.58 25.0 6.81 117.0 5819.5 28.1 0.08 0.8145898 38.90 3.794 2.68 11.58 0.00 0.00
90 07/28/92 18:00 14:53 22.88 879.46 25.0 6.55 109.0 5728.5 28.6 0.08 0.5457055 39.45 3.816 2.68 11.46 0.00 0.00
91 07/29/92 14:53 12:25 21.53 901.00 23.0 8.58 120.0 5848.5 29.2 0.09 0.4858813 39.91 2.803 2.72 11.48 0.00 0.00
92 07/30/92 12:25 18:55 30.50 931.50 25.8 6.58 145.0 5993.5 30.0 0.08 0.5233313 40.44 2.607 2.70 11.43 0.00 0.00
93 07/31/92 18:55 18:35 21.87 953.18 24.5 6.60 93.0 6088.5 30.4 0.07 0.3227152 40.76 2.506 2.69 11.32 0.00 0.00
94 08/01/92 16:35 19:40 27.08 980.25 23.0 8.61 138.0 6222.5 31.1 0.08 0.4381883 41.20 2.327 2.71 11.29 0.00 0.00
95 08/02/92 19:40 18:35 22.92 1003.18 22.0 6.70 101.5 6324.0 31.8 0.07 0.3009815 41.50 2.142 2.68 11.26 0.00 000
96 08/04/92 18:35 17:00 46.42 1049.58 22.0 7.02 219.0 6543.0 32.7 0.08 0.5981955 42.10 1.986 2.66 11.10 000 0.00
97 08/07/92 17:00 18:15 73.25 112283 23.0 6.98 358.0 8901.0 34.5 0.08 0.8583454 42.95 1.728 2.49 10.50 0.00 0.00
98 08/11/92 18:15 09:20 87.08 1209.91 24.0 8.93 431.0 7332.0 38.7 0.08 0.8981654 43.85 1.505 2.68 10.49 0.00 0.00
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28 06/29/92 23:00 07:20 8.33 185.50 21.0 8.31 78.0 2383.5 11.9 0.2 0.30 3.61 2.842 0.00 6.87 0.00
29 08/29(92 07:20 12:40 5.33 170.83 21.5 5.93 48.5 2432.0 12.2 0.2 0.14 3.74 1.979 0.00 7.39 0.00
30 06/29/92 12:40 17:40 5.00 175.83 22.5 5.94 49.0 2481.0 12.4 0.2 0.14 3.88 1.973 0.00 6.86 0.00
31 08/29/92 17:40 23:00 5.33 181.18 22.0 5.95 55.0 2538.0 12.7 0.2 0.18 4.06 2.288 0.00
32 06/30/92 23:00 07:30 8.50 18908 21.5 5.84 74.0 2810.0 13.1 0.1 0.21 4.27 1.958 0.00 6.50 0.00
33 06/30/92 07:30 12:30 5.00 194.88 22.0 5.78 45.0 2855.0 13.3 0.2 0.12 4.39 1.834 0.00
34 06/30/92 12:30 17:37 5.12 199.78 23.0 5.80 88.0 2721.0 13.6 0.2 0.24 4.83 2.554 0.00
35 06/30/92 17:37 23:10 5.55 205.33 23.0 5.80 61.5 2782.5 13.9 0.2 0.22 4.85 2.515 0.00 8.85 0.00
36 07/01/92 23:10 07:55 8.75 214.08 21.0 5.64 74.0 2858.5 14.3 0.1 0,28 5.11 2.474 0.00
37 07/01/92 07:55 12:40 4.75 218.83 22.5 5.87 78.5 2935.0 14.7 0.3 0.43 5.54 3.791 0.00
38 07/01/92 12:40 17:05 4.42 223.25 24.0 8.09 83.0 2998 0 15.0 0.2 0.41 5.95 4.522 0.00
39 07/01/92 1705 23:00 5.92 229.16 23.5 5.91 88.0 3064.0 15.3 0.2 0.35 6.30 3.721 0.00
40 07/02/92 23:00 07:45 8.75 237.91 22.0 5.75 78.0 3140.0 15.7 0.1 0.40 8.89 3.834 0.00 8.54 0.00
41 07/02/92 07:45 14:10 8.42 244.33 23.5 5.80 100.5 3240.5 18.2 0.3 0.01 7.30 4.221 0.00
42 07/02/92 14:10 22:45 8.58 252.91 23.0 5.96 82.0 3322.5 18.8 0.2 0.50 7.80 4.228 0.00
43 07/03/92 22:45 10:15 11.50 264.41 22.0 5.94 81.0 3383.5 18.9 0.1 0.36 8.16 4.131 0.00
44 07/04/92 10:15 00:40 14.42 278.83 24.5 5.54 73.0 3458.5 17.3 0.1 0.43 8.58 4.078 0.00
45 07/04/92 00:40 1055 10.25 289.08 22.5 5.73 45.0 3501.5 17.5 0.1 0.27 8.85 4.181 0.00 7.95 0.00
48 07/04/92 10:55 22:50 11.92 301.00 22.8 5.52 104.0 3805.5 18.0 0.1 0.88 9.52 4.457 0.00
47 07/05/92 22:50 11:40 12.83 313.83 21.0 5.73 51.0 3858.5 18.3 0.1 0.32 9.83 4.338 0.00
48 07/05/92 11:40 23:15 11.58 325.41 22.8 5.52 75.5 3732.0 18.7 0.1 0.48 10.30 4.282 0.00
49 07/06/92 23:15 10:10 10.92 338.33 21.0 5.83 67.0 3799.0 19.0 0.1 0.43 10.73 4.504 0.00
50 07/06/92 10:10 22:15 12.08 348.41 23.0 5.88 52.5 3851.5 19.3 0.1 0.34 11.08 4.471 0.00 9.34 0.00
51 07/07/92 22:15 08:55 10.87 359.08 21.0 5.82 78.5 3928.0 19.8 0.1 0.50 11.57 4,605 0.00
52 07/07/92 08:55 22:10 13.25 372.33 230 5.85 78.0 4008.0 20.0 0.1 0.48 12.03 4.087 0.00
53 07/08/92 22:10 10:45 12.58 384.91 21.0 5.92 52.5 4058.5 20.3 0.1 0.31 12.33 4.084 0.00
54 07/08/92 10:45 22:10 11.42 398.33 23.5 5.85 54.0 4111.0 20.8 0.1 0.30 12.84 3.913 0.00
55 07/09/92 22:10 11:00 12.83 409.18 22.0 5.95 58.0 4185.0 20.8 0.1 0.34 12.97 4.045 0.00 9.34 0.00
56 07/09/92 11:00 22:00 11.00 420.18 24.5 5.88 80.0 4223.0 21.1 0.1 0.38 13.33 4.205 0.00
57 07/10/92 22:00 09:30 11.50 431.86 22.0 8.24 22.5 4283.0 21.4 0.1 0.13 13.47 4.188 0.00
58 07/10/92 09:30 21:00 11.50 443.16 24.5 8.00 57.0 4305.5 21.5 0.0 0.33 13.79 4.000 0.00
59 07/11/92 2100 10:10 13.17 456.33 22.0 5.87 89.0 4382.5 21.8 0.1 0.42 14.21 4,207 0.00













































61 07/12/92 22:10 11:10 13.00 481.33 22.5 5.85 87.5 4488.5 22.4 0.1 0.55 15.10 4.374 0.00
62 07/12/92 11:10 22:10 11.00 492.33 24.0 8.22 42.5 4578.0 22.9 0.1 0.26 15.38 4,277 0.00
63 07/13/9222:10 11:05 12.92 505.25 22.0 5.95 79.0 4618.5 23.1 0.1 0.49 15.88 4.365 0.00
64 07/13/92 11:05 23:20 12.25 517.50 24.0 8.16 27.0 4697.5 23.5 0.1 0.18 16.02 4.210 0.00
65 07/14/92 23:20 10:25 11.08 528.58 22.0 5.91 78.0 4724.5 23.8 0.0 0.48 16.48 4.195 0.00 9.75 0.00
66 07/14/92 10:25 22:05 11.87 540.25 23.5 8.18 47.0 4800.5 24.0 0.1 0.31 16.79 4.652 0.00
67 07/15/92 23:05 17:45 18.67 558.91 25.5 8.54 25 4847.5 24.2 0.0 0.17 18.96 4.692 0.00
68 07/16/92 17:45 17:05 23.33 582.25 28.5 8.22 81.0 4908.5 24.5 0.0 0.36 17.31 4.071 0.00
69 07/17/92 17:05 15:35 22.50 604.75 27.0 8.18 108.0 5018.5 25.1 0.0 0.83 17.94 4.075 0.00
70 07/18/92 15:35 16:30 24.92 829.88 25.0 6.18 101.0 5117.5 25.8 0.1 0.63 18.57 4.349 0.00 10.09 0.00
71 07/19/92 16:30 16:30 24.00 65318 23.0 0.13 99.0 5216.5 26.1 0.1 0.60 19.17 4.227 0.00
72 07/20/92 18:30 16:15 23.75 677.41 23.0 6.04 110.0 5326.5 26.6 0.1 0.68 19.84 4.220 0.00
73 07/21/92 18:15 15:25 23.17 700.58 23.0 8.25 110.0 5438.5 27.2 0.1 0.69 20.53 4.375 0.00
74 07/22/92 15:25 10:10 18.75 719.33 22.5 8.29 102.0 5538.5 27.7 0.1 0.55 21.07 3.764 0.00
75 07/22/92 12:05 18:00 5.92 725.25 22.0 8.40 21.0 5559.5 27.8 0.3 0.11 21.19 3.727 4.57 13.10 0.00
76 07/23/92 23:00 12:50 13.83 739.08 21.0 8.81 30.0 5589.5 27.9 0.0 0.14 21.33 3.333 15.18 14,72 0.00
77 07/23/92 12:50 17:00 4.17 743.25 22.0 0.83 30.5 5820.0 28.1 0.1 0.13 21.48 2.923 7.07 13.21 0.00
78 07/23/92 17:00 22:25 5.42 74688 22.0 8.62 26.0 5648.0 28.2 0.1 0.10 21.58 2.839 17.15 12.95 0.00
80 07/24/92 22:25 15:25 17.00 785.88 22.0 6.55 155.0 5801.0 29.0 0.0 0.51 22.07 2.295 98.91 13.78 0.00
81 07/24/92 15:25 22:20 8.92 772.58 23.5 8.44 67.5 5868.5 29.3 0.4 0.34 22.40 3.496 95.54 18.33 0.00
82 07/25/9222:20 08:25 10.08 782.68 21.0 8.78 48.0 5916.5 29.6 0.1 0.27 22.68 3.957 48.88 18.46 0.00
83 07/25/9208:25 21:00 12.58 795.25 24.0 8.57 60.0 5978.5 29.9 0.1 0.32 22.99 3.692 28.21 17.93 0.00
84 07/26/92 21:00 17:00 20.00 815.25 24.0 8.56 94.0 6070.5 30.4 0.1 0.49 23.48 3.629 19,85 17.83 0.00
85 07/27/92 17:00 16:00 23.00 838.25 25.0 8.45 57.0 8127.5 30.6 0.1 0.28 23.77 3.481 14.58 16.90 0.00
88 07/28/92 18:00 14:53 22.88 881.13 25.0 8.43 115.08242.5 31.2 0.0 0.57 24.34 3.481 11.55 18.01 0.00
87 07/29/92 14:53 12:25 21.53 882.86 23.0 6.64 103.5 6346.0 31.7 0.1 0.45 24.79 3.041 9.78 17.13 0.00
88 07/30/92 12:25 18:55 30.50 913.16 25.8 6.80 141.0 6487.0 32.4 0.1 0.63 25.41 3.096 8.64 17.90 0.00
89 07/31/92 18:55 18:35 21.67 934.83 24.5 6.30 97.0 6584.0 32.9 0.1 0.43 25.84 3.092 9.51 18.18 0.00
90 08/01/92 16:35 19:40 27.08 981.91 23.0 6.18 120.0 6704.0 33.5 0.1 0.57 26.42 3.345 19.92 19.21 0.00
91 08/02/92 19:40 18:35 22.92 984.83 22.0 6.29 106.0 6810.0 34.1 0.1 0.51 26.93 3.381 41.38 22.20 0.00
92 08/04/92 18:35 17:00 46.42 1031.25 22.0 8.22 241.0 7051.0 35.3 0.0 1.16 28.09 3.375 56.92 20.47 0.00
93 08/07/92 17:00 18:15 73.25 1104.50 23.0 6.23 351.0 7402.0 37.0 0.1 1.82 29.92 3.825 77.06 21.29 0.00
94 08/11/92 18:15 09:20 87.08 1191.58 24.0 8.41 405.0 7807.0 390 0.1 1.99 31.90 3.426 92.99 20.19 0.00


































































































06/20/92 23.0 7.54 283.0 283.0 1.4 0.11 0.11 0.285 4.66 10.75 0.10 0.00
08/22/92 25.0 7.48 15.0 298.0 1.5 0.01 0.01 0.256 4.88 13.71 0.00 0.00
06/22/92 07:00 08:30 1.50 1.50 25.0 7.22 60.0 358.0 1.8 0.7 0.03 0.03 0.334 3.69 10.14 0.00 0.00
06/22/92 08:30 13:30 5.00 6.50 26.5 7.16 47.0 405.0 2.0 0.2 0.04 0.07 0.818 3.14 11.18 0.00 0.00
06/22/92 13:30 18:30 5.00 11.50 26.0 7.11 49.0 454.0 2.3 0.2 0.07 0.14 1.038 2.99 10.59 0.00 0.00
06/22/92 18:30 22:55 4.42 15.92 29.0 8.81 39.0 493.0 2.5 0.1 0.04 0.18 0.774 3.01 10.28 0.00 0.00
08/23/92 22:55 06:15 7.33 23.25 26.0 8.81 45.0 538.0 2.7 0.1 0.04 0.23 0.689 3.21 9.91 0.00 0.00
06/23/92 07:15 13:00 5.75 29.00 26.0 6.89 65.5 6035 3.0 0.2 0.04 0.28 0.418 3.10 9.54 0.00 1.52
06/23/92 13:00 18:00 5.00 34.00 28.0 6.53 16.5 820.0 3.1 0.1 0.00 0.27 0.207 3.08 9.49 0.00 2.57
06/23/92 18:00 23:05 5.08 39.08 27.0 6.91 24.0 844.0 3.2 0.1 0.04 0.31 1.302 3.15 9.59 0.00 3.58
06/24/92 23:05 08:30 7.42 48.50 25.0 6.88 50.0 694.0 3.5 01 0.03 0.34 0.399 3.16 9.29 0.00 8.55
06/24/92 06'30 11.30 5.00 51.50 25.0 6.31 184.0 878.0 4.4 0.8 0.08 0.42 0.293 2.55 9.27 0.00 7.34
06/24/92 11:30 17:00 5.50 57.00 27.0 6.78 14.5 892.5 4.5 0.0 0.01 0.42 0.381 3.14 9.34 0.00 7.31
08/24/92 17:00 23:00 6.00 63.00 250 6.81 19.5 912,0 4.8 0.1 0.02 0.44 0.647 3.22 9.70 0.00 6.41
06/25/92 23:00 07:05 8.08 71.08 24.0 8.23 82.5 974.5 4.9 0.1 0.10 0.54 1.112 3.05 9.78 0.00 3.99
06/25/92 07:05 11:50 4.75 75.83 26.0 6.25 93.0 1087.5 5.3 0.3 0.11 0.65 0.855 2.62 1.75 0.00 6.17
06/25/92 11:50 16:40 4.83 50.86 26.0 8.82 25.0 1092.5 5.5 0.1 0.02 0.87 0.599 3.00 9.27 0.00 7.32
08/25/92 18:40 22:55 6.25 88.91 25.0 8.82 37.0 1129.5 5.6 0.1 0.03 0.70 0.832 2.81 9.26 0.00 6.93
06/26/92 22:55 07:15 8.33 95.24 23.0 6.74 60.0 1189.5 5.9 0.1 0.12 0.82 1.416 2.93 9.41 0.00 7.09
06/26/92 07:15 16:00 8.75 103.99 25.0 8.35 140,0 1329.5 8.8 0.3 0.17 0.99 0.865 2.69 9.23 0.00 7.96
08/26/92 16:00 23:40 7.87 111.88 24.5 8.98 30.0 1359.5 6.8 0.1 0.04 1.03 0.951 2.79 9.28 0.00 7.92
06/27/92 23:40 08:40 9.00 120.66 22.5 7.04 20.0 1379.5 6.9 0.0 0.06 1.09 2.056 2.91 9.87 0.00 7.36
06/27/92 10:30 16:30 8.00 128.86 24.0 6.60 38.0 1417.5 7.1 0.1 0.19 1.28 3.585 3.00 10.00 0.00 5.29
06/27/92 18:30 20:30 4.00 130.68 24.0 8.48 20.0 1437.5 7.2 0.1 0.13 1.41 4.537 2.89 9.73 0.00 2.50
06/28/92 20:30 00:06 3.80 134.26 23.0 8.40 16.0 1453.5 7.3 0.1 0.11 1.51 4.707 2.83 9.97 0.00 1.94
06/28/92 00:06 07:40 7.57 141.83 21.5 8.73 27.0 1480.5 7.4 0.1 0.18 1.88 4.313 2.83 10.03 0.00 1.55
06/28/92 07:40 17:30 9.83 151.88 22.0 8.22 88.5 1549.0 7.7 0.1 0.41 2.09 4.269 2.87 10.07 0.00 1.49
06/28/92 17:30 2300 5.50 157.18 21.5 8.50 23.0 1572.0 7.9 0.1 0.18 2.25 5.071 2.75 9.57 0.00 1.06






































29 06/29/9207:20 12:40 5.33 170.63 21.5 8.20 34.5 1838.5 8.2 0.1 0.23 2.68 4.682 2.80 11.10 0.00 0.00
30 06/29/9212:40 17:40 5.00 175.83 22.5 6.20 75.0 1713.5 8.6 0.3 0.82 3.30 5.898 2.69 9.74 0.00 0.44
31 06/29/92 17:40 23:00 5.33 181,18 22.0 8.48 330 1748.5 8.7 0.1 0.29 3.59 8.207 2.69 9.79 0.00 0.33
32 06/30/92 23:00 07:30 8.50 189.68 21.5 6.40 289.0 2035.5 10.2 0.8 2.72 8.31 8.718 2.67 9.29 0.00 0.11
33 06/30/9207:30 1230 5.00 194.66 22.0 8.59 27.0 2062.5 10.3 0.1 0.24 6.55 6.444 2.83 9.40 0.00 0.21
34 08/30/9212:30 17:37 5.12 199.78 23.0 6.57 43.0 2105.5 10.5 0.1 0.42 8.97 8.909 2.77 9.47 0.00 0.07
35 08/30/92 17:37 23:10 5.55 205.33 23.0 6.70 28.0 2133.5 10.7 0.1 0.28 7.25 7.185 2.79 10.98 0.00 0.08
38 07/01/92 23:10 07:55 8.75 214.08 21.0 8.88 120.0 2253.5 11.3 0.2 1.18 8.41 6.919 0.00
37 07/01/92 07:55 12:40 4.75 218.83 22.5 0.47 105.0 2358.5 11.8 0.4 1.00 9.41 6.809 0.00
38 07/01/92 12:40 17:05 4.42 223.25 24.0 8.71 35.0 2393.5 12.0 0.1 0.38 9.77 7.239 0.00
39 07/01/92 17:05 2300 5.92 229.18 23.5 8.67 28.0 2421.5 12.1 0.1 0.28 10.03 6.585 0.00
40 07/02/92 23:00 07:45 8.75 237.91 22.0 6.83 28.0 2447.5 12.2 0.0 0.26 10.26 7.018 2.71 12.42 0.00 0.00
41 07/02/92 07:45 14:10 6.42 244.33 23.5 8.35 82.0 2529.5 12.8 0.2 0.83 11.11 7.223 0.00
42 07/02/92 14:10 22:45 8.58 252.91 230 6.51 80.0 2609.5 13.0 0.2 0.80 11.91 7.131 0.00
43 07/03/92 22:45 10:15 11.50 284.41 22.0 8.86 49.5 2659.0 13.3 0.1 0.52 12.43 7.454 0.00
44 07/04/92 10:15 00:40 14.42 278.83 24.5 5.89 130.0 2789.0 13.9 0.2 1.32 13.75 7.230 0.00
45 07/04/92 00:40 10:55 10.25 289.08 22.5 8.82 39.0 2828.0 14.1 0.1 0.42 14.17 7.743 2.76 11.42 0.00 0.00
46 07/04/92 10:55 22:50 11.92 301.00 22.8 6.35 122.0 2950.0 14.8 0.2 1.34 15.51 7.847 0.00
47 07/05/92 22:50 11:40 12.83 313.83 21.0 8.78 43.0 2993.0 15.0 0.1 0.48 16.00 8.010 0.00
48 07/05/92 11:40 23:15 11.58 325.41 22.8 6.35 110.0 3103.0 15.5 0.2 1.28 17.25 6.142 0.00
49 07/06/92 23:15 10:10 10.92 336.33 21.0 8.78 45.0 3148.0 15.7 0.1 0.51 17,77 8.149 0.00
50 07/06/92 10:10 22:15 12.08 348.41 23.0 8.33 104.0 3252.0 18.3 0.1 1.22 18.98 8.344 2.87 11.24 0.00 0.00
51 07/07/9222:15 05:55 10.87 359.08 21.0 6.82 28.5 3280.5 16.4 0.0 0.34 19.32 13.460 0.00
52 07/07/9208:55 22:10 13.25 372.33 23.0 8.35 71.0 3351.5 16.8 0.1 0.76 20.08 7 650 0.00
53 07/08/92 22:10 10:45 12.58 384.91 21.0 8.83 18.0 3389.5 18.8 0.0 0.20 20.28 7.830 0.00
54 07/08/92 10:45 22:10 11.42 396.33 23.5 8.33 39.0 3408.5 17.0 0.1 0.46 20.74 8.457 0.00
55 07/09/92 22:10 11:00 12.83 409.18 22.0 8.61 94.0 3502.5 17.5 0.1 1.02 21.76 7.742 2.67 12.19 0.00 0.00
56 07/09/92 11:00 2200 11.00 420.16 24.5 8.51 158.0 3658.5 18.3 0.2 1.49 23.25 6.810 0.00
57 07/10/92 22:00 09:30 11.50 431.66 22.0 8.44 300.0 3958.5 19.8 0.4 2.88 28.13 6.847 0.00
58 07/10/92 09:30 21:00 11.50 443.18 24.5 6.41 88.0 4048.5 20.2 0.1 0.88 27.01 7.135 0.00
60 07/11/92 21:00 22:10 25.17 468.33 24.0 8.52 259.5 4306.0 21.5 0.2 2.48 29.49 6.820 2.70 9.75 0.00 1.55
61 07/12/92 22:10 11:10 13.00 481.33 22,5 8,57 272.0 4578.0 22.9 0.3 2.50 31.99 6.549 OBO
62 07/12/92 11:10 22:10 11.00 492.33 24.0 7.01 15.5 4593.5 23.0 0.0 0.14 32.13 8.444 0.00









































64 07/13/92 22:10 23:20 12.92 516.25 24.0 6.39 84.5 4889.0 23.4 0.1 0.72 33.18 8.013 0.00
65 07/14/92 11:05 10:25 12.25 528.50 22.0 7.04 33.5 4722.5 23.6 0.0 0.39 33.57 8.330 2.76 12.97 0.00 0.00
66 07/14/92 10:25 22:05 11.67 540.18 23.5 6.61 57.5 4780.0 23.9 0.1 0.87 34.25 8.318 0.00
67 07/15/92 23:05 17:45 18.67 558.83 25.5 8.91 38.5 4818.5 24.1 0.0 0.43 34.68 8.000 0.00
68 07/16/92 17:45 17:05 23.33 582.18 26.5 7.06 40.0 4858.5 24.3 0.0 0.47 35.14 8.312 0.00
69 07/17/92 17:05 15:35 22.50 804.86 27.0 8.58 146.0 5004.5 25.0 0.1 1.65 38.79 8.042 0.00
71 07/19/92 15:35 16:30 48.92 653.58 23.0 6.81 161.0 5185.5 25.8 0.1 1.59 38.37 7.028 2.69 10.11 0.00 0.00
72 07/20/92 16:30 18:15 23.75 677.33 23.0 8.85 25.0 5190.5 26.0 0.0 0.24 38.61 8.746 0.00
73 07/21/92 16:15 15:25 23.17 700.50 23.0 8.74 87.0 5277.5 26.4 0.1 0.97 39.58 7.918 0.00
74 07/22/92 15:25 10:10 18.75 719.25 22.5 6.71 83.0 5380.5 28.8 0.1 0.79 40.37 6.805 2.55 12.06 0.00 0.00
74a 07/22/92 1205 14:15 4.08 723.33 23.0 8.52 163.0 5523.5 27.6 0.1 0.68 41.05 2.979 2.87 4.22 0.00 0.00
75 07/22/92 14:15 18:00 3.75 727.08 220 6.60 42.5 5588.0 27.8 0.2 0.22 41.27 3.728 2.82 4.97 0.00 0.00
78 07/23/92 18:00 08:55 14.92 742.00 21.0 8.64 174.0 5740.0 25.7 0.8 0.76 42.03 3.125 2.97 4.17 0.00 0.00
77 07/23/92 23:00 12:50 13.83 755.83 22.0 8.48 45.0 5785.0 28.9 0.1 0.17 42.21 2.750 2.92 3.98 0.00 0.00
78 07/23/92 12:50 22:25 9.58 785.41 22.0 8.52 19.5 5804.5 29.0 00 0.12 42.32 4.296 2.71 6.48 0.00 0.00
79 07/24/92 22:25 07:30 9.08 774.50 20.5 6.53 92.0 5896.5 29.5 0.2 0.50 42.82 3.865 2.64 8.16 0.00 0.00
80 07/24/92 22:25 15:25 17.00 791.50 22.0 6.72 21.0 5917.5 29.8 0.0 0.13 42.95 4.424 2.72 8.86 0.00 0.00
81 07/24/92 15:25 22:20 8.92 798,41 23.5 8.45 34.0 5951.5 29.8 0.0 0.25 43.20 5.255 2.83 8.55 0.00 0.00
82 07/25/92 22:20 08:25 10.08 808.50 21.0 8.75 37.0 5988.5 29.9 0.1 0.30 43.50 5.768 2.83 9.10 0.00 0.00
83 07/25/92 08:25 21:00 12.58 821.08 24.0 6.74 685 6057.0 30.3 0.1 0.64 44.14 6.683 2.94 9.10 0.00 0.00
84 07/26/92 21:00 17:00 20.00 841.08 24.0 8.78 63.0 0120.0 30.8 0.1 0.75 44.90 8.543 3.07 7.88 0.00 0.00
85 07/27/92 17:00 18:00 23.00 884.08 25.0 8.97 114.0 8234.0 31.2 0.1 1.18 48.08 7.282 3.22 7.51 0.00 0.00
86 07/28/92 16:00 14:53 22.88 888.96 25.0 8.98 107.0 5341.0 31.7 0.1 0.91 46.97 8.085 3.40 4.24 0.00 0.00
87 07/29/92 14:53 12:25 21.53 908.50 23.0 7.13 131.0 8472.0 32.4 0.1 0.98 47.98 5.350 3.88 2.17 0.00 0.00
88 07/30/92 12:25 18-55 30.50 939.00 25.8 7.23 98.0 8570.0 32.9 0.1 0.90 48.85 8.518 3.70 2.93 0.00 0.00
89 07/31/92 18:55 16'35 21.87 960.68 24.5 7.17 79.0 8649.0 33.2 0.0 0.81 49.46 5.478 4.04 2.68 0.00 0.00
90 08/01/92 16:35 19:40 27.08 987.75 230 7.18 133.0 8782.0 33.9 0.1 0.75 50.20 4.005 3.94 1,91 0.00 0.00
91 08/02/92 19.40 18:35 22.92 1010.68 22.0 7.24 68.0 6850.0 34.3 0.0 0.29 50.49 3.002 3.90 2.11 0.00 0.00
92 08/04/92 18:35 17:00 48.42 1057.08 22.0 7.25 284.0 7134.0 35.7 0.2 0.63 51.12 1.588 4.06 1.51 0.00 0.00
93 08/07/92 17:00 18:15 73.25 1130.33 23.0 7.33 263.0 7397.0 37.0 0.1 0.55 51.88 1.504 4.00 1.68 0.00 0.00
94 08/11/92 18:15 09:20 87.08 1217.41 24.0 7.29 349.0 7748.0 38.7 0.1 0.39 52.07 0.799 4.21 1.37 0.00 0.00
Avg. Values 23.5 8.70 0.14148
APPENDIX 3
TECHNICAL NOTE FOR THE DETERMINATION OF CHROMIUM
This appendix contains the technical note for the determination of Cr(VI)





Chromium exists primarily in two oxidation states.
trivalent Cr(111) and hexavalent Cr(VI). The un-
complexed trivalent species is the chromic ion,
Cr3*. This species is soluble in acidic solutions
but precipitates as the hydroxide in alkaline solu
tions. The ligand exchange kinetics of Cr(M) are
very slow and account for its low reactivity in.
environmental and biological systems.
The hexavalent vales exists primarily as the
chromate (004z") or dichromate (Cr2072") ion;
depending upon the pH of the solution. In acidic
solutions dichromate dominates whereas in basic.
solutions chromate dominates. In either state,
Cr(VI) is a strong oxidizer and therefore harmful
in environmental and biological systems.
?bra methods are presented for the determination
chromium in various sample matrices.
ne need for various industries to determine the
trivalent and hexavalent species of chromium has
led to the development of Method A for the rapid
speciation of chromium at ppb levels. Method A
utilizes a postcolumn reaction with a color reagent.
It is most selective and sensitive, allowing deter-
mination of Cr(Mr) (chromic ion) and
(chromate/dichromate ion). Using direct injections
of 250 1.1E-. the minimum detection limits are below..
100 ppb for Cr(M) and 1 ppb for Cr(VI).
The need to determine total chromium content in
industrial wastewaters and solid waste extracts
has necessitated the development of a method for
analyzing samples which have undergone standard
oxidation and digestion procedures. One such
procedure is an alkaline persulfate digestion, which
introduces high levels of sulfate. Method B is
tailored for such samples. As in Method A. Method
B also utilizes a postcolumn reaction with a color
reagent. This method is used to determine Cr(VI)
only. Using the suggested digestion procedure,
the detection limit is about 5 ppb.
Method C allows the determination of inorganic an-
ions in addition to chromate by anion exchange and
mically suppressed conductivity. The detection
nit for Cr(V1) is below 500 ppb by direct injection.
Technical Note
STANDARDS
Trivalent and hexavalent chromium salts are avail-
able from chemical supply companies. Reagent
Fade Cr(N0h)39H20 should be used as a chromic
ion source. The standard should be slightly acid-
ified (pH 3-4) using HNO3. Chromate standards
may be prepared from the sodium orpotassium
salts of chromate or dichromate. No pH adjustment
is suggested. To prepare 1,000 ppm standards of
the metals from pure salts, dissolve the weights of
salt listed below in 1 L of water. Add 2. drops of










TRIVALENT AND HEXAVALENT CHROMIUM
ANALYTES
Ceramic ion (Cr') 3and chromate.
(00421/dichromate (Cr20) ions.
DISCUSSION OF METHOD
In Method A. the visible absorbance of the Cr(W)-
dine dicarboxylic acid (PDCA) complex and the
VI)-diphenylcarbohydraadde (DPC) complex at
520 rim allow photometric detection of Cr(111) and
Cr(VI). As shown inFigure 1,elution times are 3
minutes and 5 minutes for trivalent and hexavalent
chromium. respectively.
The eh= system is PDCA based. The triralers
chromium is separated as the Cr(PDCA)1 complex
while the hexavalent chromium is separeted as the-
chromate ion. C.r042-. Hexavalent chromium does
not form a complex with PDCA. Because of the
slow kinetics of ligand exchange for Cr(M), a pre-
column derivitization with PDCA is used to formCr(III)-17DCA complex in the samples. At the
nearly neutral pH of the eluant. Cr(VI) exists as
divalent chromate. The CraCI)-Pr:CA complex
is a stable monovalent anion.
The pH values of the sample and eluant systems
are critical to the efficiency of the separation. As
shown in Figure 2, H values of 6 or greater cause
inhibition of the )2" complex fonrunion.
pH values below 6 show a marked conversion of
chromate ion to dichromate ion, which can be
harmful to the column. The pH of the system and
samples is therefore chosen to be 6.8 to allow
optimum separation and detection of both species.
After separation, the Cr(VI)-DPC complex is
formed using postcolumn derivitization. Using
injection volumes of 250 4. (the standard loop
must be replaced), determinations of Cr(M) and
Cr(VI) are possible to detection limits of 30 ppb
and 0.3 ppb. respectively.
The flow rates of the eluant and postcolumn reagent
are critical to the analysis. The combined flow rate
should be 1.5 mlarnin. The eluant flow rate alone
is 1.0 niLimin and the postcolumn reagent is 0.5
trahnin. Adjust the RDM flow rate aft= first
-.louring the flow rate of the eluant at the waste
e outlet and then measuring the flow rate again
after pressurizing the RDM.
In a variation of Method A both Cr(M) and Cr(VT)
are detected at 365 rim. The absorbanccs of the
Cr(I13)-PDCA complex and the chromate ion at
365 rim require no postcolumn hardware for the
detection of both oxidation states. The absorbance
of chromate at 365 nm is not nearly as great as that
of Cr(VI)-DPC complex at 520 rim, but the method
is useful for samples which contain high concen-
trations of chromium, such as plating baths.
RECOMMENDED EQUIPMENT
A Dienes Series 40001 or 20001 Ion Chromatograph
equipped with either a variableWavelength UVNis
or a Visible Detector and either a Post Column
Module or a Reagent Delivery Module.
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Peak Hecht vs Sample pH tor the DaterrninatEn of


































7" 0 mM (3.34 g/L)
20.0 mM (536 g/L)
100 mM (15.0 g/L)
300 mM (38.5 g/L)
28.0 mM (1.10 g/L)
Prepare by dissolving the









PDCA is slow to dissolve. Heat the solution before
adding the remaining reagents to increase the rate of
dissolution.





Prepare by diluting 100 mL of the eluant stock to
1 L with 18 M-ohm degassed deionized waxer. The
pH of the diluted eluant should be between 6.70
and 6.80.
Postcolurnn Reagent:2 mM DPC.
10% CH1OH.
0.9 N H2SO4
Prepare by dissolving 0.5 g of 1.5- dinhenylcar-
bohydracide (DPC) m 100 rnL of HPLC grade
-thanoL Add to about 500 mL of &gassed
M-ohrn deionized water containing 2.5 mL
of 96% :--nr.....,..hotornenic grade sulfuric acid.
Dilute to 1 L with degassed deionized water.
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SAMPLE PREPARATION
For typical wastewater samples adjust the pH of
raw samples to a value of 6.8 with sodium hydrox-
ide or hydrochloric acid. In a 100 mL volumetric
flask, add 10 mL of the eluant stock solution to
exactly 10.0 ml., of sample. Heat the sample to
boiling for I minute. Cool the sample to room
temperature and dilute to 100 inL with deionized
water. Calculations must account for the 1/10
dilution of the sample.
For platng bath samples 1/1,000 or 1/10.020 fold
dilunons am necessary. Initial sample pH adjust-
ments are typically unnecessary. Some plating baths
requite an intermediate ligand exchange process in
the sample preparation to free the chronnc ion for
reaction with the PDCA. If this is found to be
necessary, add 10.00 rttL of plating bath to 10
of glacial acetic acid and dilute to 100 mL in a
volumetric flask. After mixing. dilute this mixture




HEXAVALENT AND TOTAL CHROMIUM
ANALYTES
Cr(1/1): Chromate (C.:042')/dichromatc (Cr2072-;
ions.
DISCUSSION OF METHOD
In Method B the visible absorbance of Cr(V1)-
dinhenylcarbohydrazide (DPC) complex at 520 tun
allows photometric detection of Cr(VI). The eluant
system is PDCA and NH4OH based. The hexa-
valent chromium is separated as the chromate ion,
C.:042", with PDCA acting as a divalent anionic
eluant component and the NH4OH providing an
alkaline environment. As shown in Figure 3. the
elution time for Cr(VI) as chromate is about 15
minutes. The disturbance in the chromatogram is
due to the high salt content in the sample.
The pH of the sample and eluant are critical to the
efficiency of the separation. At pH values below 6,
chromate ion is converted to dichromate ion. The
result is a poor separation and potential harm to thecolumn due to the higher reducing power of
dichromate ion.
After separation, the Cr(Vl) -DPC complex is
formed using postcolurtm derivitiration with DPC
Flow rates must be measured at the waste line outlet.
Adjust the RDM pressure after first measuring the
flow rate of the truant. The combined flow rase
after pressurizing the RDM should be 1.5
when the eluant flow rate alone is 1.0 rni.Jrnin.
Using injection volumes of 100determination
of Cr(VI) in samples taken through the suggested
digestion procedure is possible to detection limits
of S ppb.
RECOMMENDED EQUIPMENT
A Dionex Series 4000i or 20001 Ion Chromatograph
equipped with either a Variable Wavelength UVNis
or a Visible Detector and either a Post Column
Module or a Reagent Delivery Module.
Total Chromium in Wastftwoor
Cr (VI) 3.8 ppb
I I 1 i



























Eluant: Dissolve 1.67 g of pyri-
dine-2,6-dicarboxylic acid (PDCA) and 10 niL of
29% reagent grade ammonium hydroxide per liter
of water.
Postcolumn Reagent:Prepare by dissolving 0.5 g
of 1, 3- diphenylcarbohydrazide (DPC) in 1001711-
of HPLC grade methanol. Add to about 500 inL of
degassed 18 M-ohm deionized water containing 50
mL of 96% spectroehotometric grade sulfuric acid.
Dilute to I L with degassed 18 M-ohm deionized
water.
SAMPLE PREPARATION
Free Hexavalent Chromium: The samples may be
injected directly after adjustment of pH. The pH
of the samples and prepared standards must be
adjusted to a value above 7 with sodium hydroxide.
Total Chromium: These samples are oxidized using
an alkaline persulfue digestion. Persulfue oxidizes
organics and lower oxidation states of chromium.
The method is derived from ASTM Method DI 687-
80 (Method C) and Is as follows:
1.Pipet 25.00 mi. of sample into a 100 all.
volumetric flask.
2.Add 1.00 mL of 50% NaOH and 0.80 g of
(NH4)2S208. Swirl to dissolve ecrsulfate.
3.Gently boil the sample for ten minutes or long
enough for all color to disappear.
4.Cool the sample and dilute to 100 niL with
deionized water.
152The sample is ready for injection. Calculations must
account for the four-fold dilution of the sample.
The sample preparation procedure for total chromium
is designed to insure a complete oxidation of the
sample while maintaining a total salt concentration
in the sample which is acceptable to the chromato-
graphy.
It is possible that samples containing high levels of
oxidizable material will require additional persulfate.
If the amount of dissolved salts exceeds 2%, it is
probable that some dilution will be necessary to







In Method C, the divalent chromate anion is detected
by conductivity. This detection method also allows
the determination of other ionic species in the sample
which are resolved by the chromatographic separation.
As with Method A, the anionic and cationic charac-
ter of the CS5 column used allows the separation of
Cr(VI) as the chromate ion, Cr042-. The primary
use of the method is simultaneous de:a:mutation of








As shown in Figure 4, the elution times are33 and
12 minutes for sulfate and chromate, rospeenvey.
Using an injection volume of 15 41... determination
of Cr(V1) is possible to below 500 ppb.
RECOMMENDED EQUIPMENT
A Dionex Series 40001 or 2000i Ion Chromatograph


















25 m.',1 Sulfuric Acid
3 mi./min.
SOLUTIONS AND REAGENTS
Eluant: 5.00 mM Na2CO3
1.00 mM NaHCO3
Dilute 10.0 mL of 0.5 M Carbonate AnionBluant
Concentrate (P/N 37162) and 2.00 mL of Bicarbo-
nate Anion Eluant Concentrate (P/N 37163) perliter
of 18 M-ohm deionized water. Or dissolve 0.530 g
sodium carbonate (anhydrous) and 0.084 g sodium
bicarbonate per liter of 18 M-ohm deionized water.
Regenerant: 25 raN H2504
Dilute 1 bottle (400 rnL) of Anion Suppressor
Sulfuric Acid Regenerant (P/N 37164) with water
in a 4 L container. Or add 3 niL of concentrated
sulfuric acid to 3 L water in a 4 L container, fill
to 4 L
SAMPLE PREPARATION
In a 100 inL volumetric flask, add exactly 100 ill.
of sample and dilute to 100 mL with eluant.
153DETERMINATION OF ANIONS USING THE HPIC-AS4ASEPARATOR
ANAL=
Chloride, bromide, nitrite, nitrate, phosphate, sul-
fate, oxalate. Fluoride can be determined in dilute
samples when the fluoride concentration is greater
than several ppm.
DISCUSSION OF METHOD
Anions are separated on the HPIC-AS4A anion
exchange separator column with a carbonate/bicar-
bonate buffer eluant. The run time is approximately
7 minutes. Detection is by conductivity with rhemir1(
eluant suppression. Store prepared eluants under an
inert gas to protect from carbon dioxide contamina-
tion. Contamination causes the elution of anions,



















3 triLimin. with AutoRegen
Accessory
Expected Background Conductivity: 15 to 20 tiS
SOLUTIONS AND REAGENTS
Eluant 1.80 mM Na,CO3,
1.70 mM NaHCO3
Dilute 10.0 ad. of Dionex AS4A Combined Carbonate
Bicarbonate Eluant Concentrate (P/N 39513) per liter
of water, or dissolve 0.191 g sodium carbonate and
0.143 g sodium bicarbonate per liter of water.
Regenerant 25 mN H2SO4
Dilute 1 bottle (400 mL) of Anion Suppressor
Sulfuric Acid Regenerant (P/N 37164) with water
in a 4 L container, or add 3 mL of concentrated
sulfur= acid to 3 L water in a 4 L container. Fill
to 4 L.
RECOMMENDED EQUIPMENT
Any Dionex Ion Chramatograph equipped with a
Conductivity Detector: QIC, 2000i, 2000i/SP, or
40001.
Ion ppm
1. Fluoride1.5
2. Chloride2.8
3. Nitrite 7.5
4. Bromide7.5
5. Nitrate 10
6. Phosphate 15
7. Sulfate 10
8. Oxalate 15
10µS Full Scale
78
10
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